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The  melted  textured  bulk  materials  of  YBCO  with  different  vol%  211 
from  Dr.  Jin  of  AT&T  were  thoroughly  investigated.  Since  the 
microstructures  were  of  extremely  large  scale,  optical  microscopy 
was  first  employed  and  followed  by  scanning  electron  microscopy. 


Findings  from  Jin's  samples  include: 

(1)  The  local  density  of  211  particles  affect  the  local  surface 
cracks  distribution. 

(2)  211  particles  are  effective  crack  blunters. 

We  have  also  investigated  a  set  of  large  grained  YBCO  materials 
with  10,  20,  30,  40,  and  50  211  vol%  from  Dr.  Ruling  Meng. 

The  211  particles  were  prepared  from  controlled  precipitations 
which  gave  a  finer  particle  size  and  a  tight  control  of  particle 
size  distribution.  These  YBCO  materials  were  much  more  homogenous 
under  optical  microscope  and  often  scanning  electron  microscopy  and 
transmission  electron  microscopy  were  employed.  We  have  looked  for 
a  correlation  among  the  twin  spacing,  the  spacing  of  the  surface 
(001)  cracks,  and  the  measured  J,,  as  the  211  amount  varies. 

Findings  from  this  set  of  samples  are: 

(1)  Crack  spacing  tracks  with  the  volt  of  211.  The  spacing  are 
8,5,3  urn  for  20,  25,  40%  of  211,  respectively. 


(2)  211  particles  are  effective  crack  blunters. 


(3)  The  morphology  of  211  distribution  depends  on  the  start-up  211 
particle  size.  211  particles  from  precipitation  having  a  tight  size 
distribution  give  a  more  uniform  211  distribution  in  YBCO 
materials. 


(4)  The  twin  spacing  decreases  with  the  interparticle  spacing  of 
211  down  to  nanoscopic  scale.  Interpenetrating  twins  were  observed 
in  40%  and  50%  percent  211  samples  as  well  as  in  30%  sample  that 
was  doped  with  0.5%Pt.  Pt  addition  was  found  to  be  responsive  for 
a  even  finer  dispersion  of  211  and  therefore  finer  twin  spacing 
results . 


(5)  The  critical  current  density  was  found  to  be  the  highest  in  the 
40%  211  sample,  which  was  1x10^  A/cm^  at  77K  in  1  Tesla. 
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A  systematic  microstructural  study  of  large  grained  YBa2Cu307.§  with  various  volume 

percentage  of  Y2BaCu05  dispersions  has  been  done.  Microscopic  and  nanoscopic  defect 
structures  have  been  related  quantitatively  to  the  Y2BaCu05  dispersions.  The  direct  and 
indirect  effects  of  the  degree  of  Y2BaCu05  dispersions  have  been  discussed  with  respect 
to  the  overall  microstructure  and  the  critical  currents  (Jc). 


L  INTRODUCTION 
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The  process  of  Melt  Texturing  holds  great  promise  in  improving  the  critical 
current  densities  (Jc)  in  YBa2Cu307.§  (henceforth  referred  to  as  Y 123  in  this  paper). 

The  increase  of  critical  current  density  is  achieved  by  an  overall  reduction  in  the  content  of 
high  angle  grain  boundaries,  Previous  studies  have  identified  most  of  these  high  angle 
boundaries  as  "weak  links".t^"^l  Despite  the  reduction  of  these  boundaries,  the  overall 
critical  current  (Jc)  Is  not  sufficiently  high  enough  for  commercial  applications.  The  Jc  of 
single  crystal  Y123  has  been  measured  and  has  been  found  to  be  10^  Amps/cm^.  It  is  also 
essential  that  for  large  scale  technological  applications,  that  this  material  retain  its  hi^  Jc 
in  the  presence  of  an  external  magnetic  field.  However,  this  goal  has  been  eluding  rntny 
researchers  to  date.  Irradiation  has  proven  to  increase  Jc  for  Y123,[21  though  irradiation 
process  is  not  likely  to  be  economical.  The  effect  of  increasing  Jc  by  Y2BaCu05  (hence 
referred  to  as  211  in  this  paper)  addition  is  discussed  in  this  paper.  Such  additions  have 
increased  the  Jc  by  a  factor  of  10  by  inducing  beneficial  defect  structures  which  enhance 
flux  pinning. 


The  direct  and  indirect  effects  of  211  addition  to  Y 123  is  addressed  quantitatively 
at  both  the  microscopic  and  the  nanoscopic  levels.  The  effect  of  particle  size  and  their 
relative  distribution  Avithin  the  Y123  matrix  is  found  to  be  of  a  considerable  importance. 

II.  EXPERIMENTAL 

A.  Sample  Preparation.  -  ^ 

The  melt  textured  samples  arc  prepared  by  seeding  the  molten  precursor  with  a 
single  crystal  SmBa2Cu307.g  of  size  (0.25cm  x  0.25cm)I5|,^  which  has  a  higher  peritectic 

temperature  than  that  of  Y 123.  This  process  promotes  grain  growth  leading  to  large  grain 
Y123. 12]  Consequently,  the  large  grain  samples  that  we  have  examined  have  a  ^ain  size 
of  S  mm  in  thickness  along  the  [001]  direction  of  Y123  and  is  20mm  in  diameter  in  the 
((X)l)  plane.'  The  Sml23  seed,  has  a  cubic  shape  and  facilitates  the  determination  of  the 
(001)  and  the  (110)  planes  in  the  Y123  matrix  during  sectioning  for  subsequent 
microstructural  analyses. 

We  have  investigated  both  oxygenated  and  unoxygenated  large  grained  Y123 
samples  having  from  10%  to  50  volume  percent  of  211  with  a  10%  increment  in  211 
volume%  between, samples.  This  variation  in  the  starting  211  volume  percentage  is 
achieved  by  adding  the  corresponding  amounts  of  211  to  the  starting  stochiometric  Y123 
composition  as  the  molten  precursor. 

^.V 

B.  Microstructural  Analysis 

A  zoom  in  approach  was  adopted  as  the  methodology  for  microstructural  analysis. 
Defect  structures  such  as  cracks  and  the  211  dispersions  are  first  observed  using  a 
Olympus  Vanox  AHMT  optical  microscope.  While  finer  distributions  of  211  dispersions 
along  with  extraneous  phases  and  cracks  were  investigated  with  a  S.E.M,  J.E.O.L  35CF 
Hnally  nanoscale  structures,  such  as  twins,  dislocations,  and  stacking  faults  were 
examined  under  the  transmission  electron  microscope  (J.E.O.L  1(X)CX). 
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Quantitative  elemental  compositions  of  different  areas  are  evaluated  using  a 
calibrated  electron  microprobe  (Cameca  Camebax)  wfiile  211  size  distributions  are 
measured  using  the  scanning  electron  microscope. 

Samples  for  optical  observations  are  prepared  by  grinding  and  polishing.  This  is 
done  by  lap  polishing  the  samples  using  O.S^m  followed  by  O.OBpm  alumina  polish  so  as 
to  obtain  a  mirror  finish.  Samples  for  S.E.M  observation  are  prepared  by  depositing  a  t^ 
layer  of  gold  on  the  previously  polished  samples.  Quantitative  optical  microscopy  is 
performed  on  sections  along  the  (001)  and  the  (110)  planes«  with  the  assumption  that  the 
211  distribution  is  isotropic  in  the  (001)  plane  of  Y123.  Samples  for  Transmission 
Electron  Microscopy  (T.E.M)  are  prepared  by  mechanical  polishing,  dimpling  followed  by 
Argon  ion-milling  with  liquid  nitrogen  cooling.  Damage  due  to  ion-milling  is  reduced  by  a 
final  ion  milling  step  at  3KV  instead  of  5KV  1^1.  The  microstructure  of  Y123  in  the 
orthodiombic  state  is  analyzed  quantitatively  along  (001)  planar  sections.  Microstrucmral 
analysis  is  done  before  and  after  oxygenation  of  the  large  grained  material.  Different 
defect  structures  are  then  analyzed  and  related  quantitatively  in  terms  of  the  211  volume 
percentage  and  the  21 1  interparticle  spacing. 

m.  RESULTS  AND  DISCUSSION 
A.  Optical  Microscopy 

A  typical  optical  micrograph  of  a  20%  211  dispersed  in  Y123  matrix  is  shown  in 
(Rg.l).  The  variation  of  the  final  area  fraction  of  the  211  particles  with  respect  to  the 
original  volume  percent  of  211  particles  is  shown  in  Fig.  2.  The  area  fraction  (A^)  is 

defined  as  the  ratio  of  the  area  occupied  by  the  211  particles  as  observed  in  the  optical 
micrographs  to  the  total  sampled  area  in  the  (hkl)  planar  sectiont^l  and  can  be  expressed 
as 
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_  Area  occupied  by  211 
'  Total  sampled  area 

Our  analysis  (summarized  in  Fig.2)  shows  that  the  area  fraction  of  the  211  particles 

increases  with  an  increasing  volume  percentage  of  211,  for  both  (001)  and  (110). 

planar  secdons.  In  addition,  the  degree  of  anisotropy  (t)  which  is  defined  as  the  ratio 

A‘“" 

of  area  fractions  (t  =— ^)  of  the  211  dispersions  along  the  (001)  and  the  (110) 

planes.  This  ratio  peaks  at  20%  21 1  with  a  value  of  1.43  and  decreases  as  the  volume 
percentage  of  21 1  increases  further. 

In  pure  single  crystal  Y123,  the  basal  planes  are  known  to  grow  at  a  faster  rate 
in  the  lateral  directions  as  compared  to  the  other  (hkl)  planes.t^l  This  relative 
difference  in  growth  rates  along  different  directions  causes  different  growth 
retardation  t)y  the  211  particles,  as  the  211  addition  increases  from  zero  volume 
percent  to  30  volume  percent.  Another  consequence  of  the  growth  anisotropy  is  that 
with  an  increasing  volume  percentage  cf  21 1,  the  fast  growing  (001)  plane  encounters 
a  greater  number  of  211  "batriers".  Therefore,  the  degree  of  retardation  is  higher  ftw 
directions  contained  in  the  basal  plane  as  compared  to  those  directions  contained  in  the 
(110)  plane.  With  an  increasing  volume  percentage  of  211  from  307o  to  50%,  the 
degree  of  anisotropy  of  21 1  dispersion  (x)  decreases  tojjelow  unity.  (Fig.2.) 

■  The  next  part  of  the  optical  analysis  involves  studying  the  variation  of  the 
interparticle  spacing  (V“’)  with  the  volume  percentage  of  211.  Ideally,  the 
interparticle  spacing  is  expressed  below  and  defined  as  the  mean  free  path  or  the 
average  edge  to  edge  distance  between  particles,  • 

1  a(*^) 

X<“>= - (2) 

Ni 

where 
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Al*'*''’  is  the  area  fraction  of  21 1  in  the  (hkl)  planar  section.  Nj  is  the  number  of  2 1 1 
particles  intercepted  per  unit  length  along  lines  drawn  on  sampled  sections . 

The  numbec  of  211  particles  intercepted  along  a  few  test  lines  and  the  21 1 
area  fraction  are  determined,  the  interpaiticle  spacing  is  then  computed  using 
equation  (2).  With  an  increasing  volume  percentage  of  21 1,  decreases  as  shown 
in  Rg.3.  This  reduction  in  has  an  important  effect  on  flux  pinning  and  hence 
critical  current  (Jc).  This  will  be  discussed  in  section  ni.D. 

Table  m  summarizes  the  analysis  from  optical  microscopy  on  the  21 1  particles 
along  the  (001)  and  (110)  planar  sections  in  the  large  grained  Y123.  The  calculated 
and  the  initially  added  211  are  compared  (see  Tablelll)  and  differences  between  the 
two  values  are  noted  (see  columns  D-A  and  D-G  in  table  III ).  These  differences  can 
be  attributed  to  liquid  loss  during  melt  processing.  Such  a  loss  in  liquid  during 
processing,  leads  to  a  net  increase  in  the  effective  211  volume  percentage.  Further 
there  is  an  inherent  under  estimation  of  A[’*“\  since  any  sub  micron  211  particles 
which  are  beyond  the  optical  resolution  regime,  are  not  considered  in  the  calculation 
forX‘'*‘\ 

B.  Electron  probe  microanalysis  (EPMA) 

During  the  course  of  optical  analysis,  areas  of  relatively  high  reflectivity  are 
encountered  Fig.4.  The  compositions  of  these  areas  are  determined  using  Electron^ 
Probe  Microanalysis  (EPMA)  with  calibrations  based  on  standard  samples  of 
Cu,Y203  and  BaS03  samples.  Moreover  E.P.M.A  spectra  were  calibrated  with  the 
Y123  and  the  21 1  areas  on  the  melt  textured  samples.  The  size  of. the  electron  probe 
for  the  quantitative  measurements  is  approximately  O.Sum  which  is  smaller  than  the 
average  size  of  the  2ri  particle.  One  of  the  typical  areas  sampled  for  E.P.M.A 
measurements  is  shown  by  an  arrow  in  Fig.  5. 
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It  is  observed  that  the  shining  phase  (region  indicated  in  Fig.5  with  a  web  like 
appearance)  is  predominandy  copper  rich.  A  comparison  between  the  copper  rich 
phase  ar..l  Y123  is  made  and  the  results  are  shown  in  Table  I.  A  similar  comparison  is 
also  made  with  BaCuC)2  (Table  nx  The  comparison  shows  the  presence  of  a  copper 
rich  phase,  (which  is  the  frozen  in  liquid  phase)  implying  that  the  peritecdc  reaction  is 
usually  incomplete  when  the  overall  volutne  pe^nt  of  211  is  low  (<  20%  211)  or 
when  the  volume  percent  of  21 1  is  low  locally  because  of  a  non  uniform  distribution  of 
211  particles  in  the  Y123  matrix. 

C.  Scanning  Electron  Microscopy  (SEM) 

The  size  and  shape  variation  of  the  21 1  particles  is  observed  by  using  a  JSM- 
35CF  scanning  electron  microscope  equipped  with  an  Energy  Dispersive  Spectrometer 
(EDS).  Various  areas  of  the  specimen  are  sampled  and  the  211  particle  size  is 
determined.  It  observed  that  the  211  particle  size  is  found  to  range  from  the  sub 
micron  to  23|im  in  diameter  with  a  predominantly  ellipsoidal  shape  of  21 1  particles  as 
shown  in  Fig.6 

D.  Transmission  electron  Microscopy  (TEM) 

Hnally,  our  study  involves  the  observation  of  nanos^pic  defect  structures  such  as 
twins,  dislocations  and  stacking  faults  using  a  T.E.M.  The  samples  are  mostly 
observed  with  a  [001]  beam  direction  (B  =  [001]).  The  goal  was  to  observe  ; 

(i)  The  two  twin  variants  and  the  variation  in  the  twin  spacing  with  21 1  interparticle 
spacing. 

(ii)  Dislocations  and 

(iii)  Stacking  Faults 

Previous  studies  have  shown  twin  boundaries  as  centers  of  flux  pinning,  when 
the  magnetic  field  is  parallel  to  the  twin  plane  [9- 10]  Hence  we  observe  the  variation 
of  the  twin  spacing  and  thus  the  twin  density,  with  the  211  interparticle  spacing. 
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Hence,  a  decrease  in  twin  spacing  and  the  correspondingly  higher  twin  density  would 
result  in  greater  fliuc  pinning  by  tw'in  boundaries. 

Similar  analysis  of  twin  spacing  was  performed  for  twinning  in  BaTi03.n^l 
The  variation  of  the  twin  spacing  with  varying  grain  sizes  in  Y 123  is  also  reportedn21 
Here,  we  look  at  the  variation  of  the  twin  spacing  with  increasing  volume  percentage 
of  21 1  as  well  as  the  local  211  particle  spacing. 

During  the  oxygenation  (of  Y123)  and  the  subsequent  transformation  of 
tetragonal-to-orthorhombic  (T->0),  there  are  transformational  shear  strains  which  can 
be  accommodated  by  the  formation  of  twins  along  the  (110)  and  (110)  planes.  Twin 
boundaries  are  manifestations  df  a  counterbalance  between  the  shear  strain  energy  and 
the  twin  boundary  energy.  In  the  investigation  involving  the  variation  of  twin  spacing 
with  grain  size.t^^l  elastic  energy  and  total  twin  boundary  energy  was  mimimized  by 
having  The  twin  spacing  follow  the  equation. 


In  theif  polycrystalline  samples,  neighbouring  adjacent  grains  constrain  the  shape  and 
the  volume  of  the  embedded,  middle  grain.  Due  to  this  shape/volume  constraint,  this 
embedded  grain  goes  through  the  T— >0  transformation  by  internal  twinning  with  a 
twin  spacing  that  can  be  predicted  by  its  initial  size  and  shape  following  equation  3. 
For  our  present  large  grain  samples,  the  constraint  by  adjacent  grains  is  non  existent 
ccHnpared  to  the  local  constraints  produced  by  the  dispersed  211  particles.  Thus  with 
decreasing  interpardcle  spacing,  the  strain  energy  per  unit  volume  (w)  increases  in  the 
constrained  Y123  matrix.  This  increase  in  (w)  manifests  itself.as  fine  twins  which  is 
shown  in  Fig.7. 

Decreasing  211  iiiterparticle  spacing  leads  to  an  increasing  transformational 
strain  energy  per  unit  volume  (w)  in  the  Y123  matrix,  while  the  Y123  ,  matrix  is 
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constrained  by  the  surrounding  211  particles.  Such  an  increase  in  w  causes  finer  twin 
spacing,  formadon  of  interpenetradng  twins  and  a  higher  density  of  extended  defects 
such  as  dislocations  and  stacking  faults.  Consequently,  an  increase  in  w  also  leads  to 
higher  magnitude  of  elastic  stresses  in  the  constrained  Y123  matrix. 

Hence  in  our  present  large  grained  samples,  the  high  transformational  strain 
energy  can  compensate  for  the  increase  in  total  twin  boundary  energy  due  to  an . 
increase  in  twin  boundary  area  as  a  result  of  finer  twins.  The  equilibrium  twin  spacing 
is  determined  by  minimizing  the  sum  of  the  total  strain  energy  and  the  total  energy  of 
twin  boundaries.  Such  a  consideration  in  a  first  order  results  in  the  following 

formulation:^^] 


Where  Tw  is  the  twin  Spacing,  K  is  a  geometric  constant,  7  is  the  twin  boundary 
energy  per  unit  twin  boundary  area,  S211  is  the  local  distance  between  two  nearest 
Y123  /  211  interfaces  in  a  direction  perpendicular  to  the  twin  boundaries,  E  is  the 
elastic  modulus,  £  is  the  strain  associated  with  the  T.->0  transformation  along  the 
(001)  plane  of  Y123  {here  e  =  a/b-1  }. 

The  above  formulation  does  not  take  into  account  the  elastic  strain  energy 
which  is  present  at  the  21 1/Y123  interface  or  the  energy  which  goes  into  the  formation 
of  elastic  serration's  at  the  211/Y123  interface.  A  plot  between  the  twin  spacing  and 
the  square  root  of  the  interparticle  spacing,  gives  a  linear  fit  Such  a  plot  is  shown  (for 
40%  211,  slope=2.3)  in  Rg.8.  Similar  plots  on  20%  and  30%  21 1  yield  slopes  of  2.4 
and  2.2  respectively  establishing  the  dependence  of  twin  spacing  with  interparticle 
spacing  rather  than  the  voliune  percent  of  21 1.  From  the  slope  of  this  curve  the  value 
of  K  is  found  to  be  «2570  m  (as  compared  to  K=  402mn2])  ■ 
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Another  manifestation  of  the  increasing  strain  energy  per  unit  volume  is  the 
formation  of  interpenetrating  twins.  Interpenetrating  twins  have  also  been  reported 
though  at  a  much  larger  scale  (  typical  dimensions  of  such  intersections  as 
observed  are  nearly  40nm).  Such  areas  represent  regions  of  high  strain  energy  and  are 
energetically  not  favorable.  However  with  increasing  constraint  (i.e.  with  decreasing 
interparticle  spacing)  such  twins  formations  are  found  with  increasing  abundance  as 
observed  in  a  (001)  planar  sample  (**  40%  211). 

Such  twin  structures  would  be  highly  beneficial  for  flux-pinning  because  a 
fluxoid  parallel  to  the  twin  plane,  can  be  pinned  more  efficiently  along  both  the  twin 
directions  in  the  twin  plane.  This  is  shown  schematically  in  Fig.9.  The  efficiency  of 
flux  pinning  in  such  a  Y123  structure  would  be  dependent  on  the  size  of  the  unit  cell 
which  is  formed  due  to  such  twin  intersections.  Thus  with  a  smaller  cell  size  the  flux 
line  would  be  pinned  better.  Preliminary  Jc  measurements  using  the  Bean's  method 
show  that  the  Jc  is  maximum  for  40  volume  percent  211  while  it  decreases  with 
increasing  volume  percent  211  as  shown  in  critical  current  measurements  (Fig  10). 
With  decreasing  Y123  superconducting  volume,  the  decrease  in  Jc  is  not  proportional 
to  the  volume  decrease  Fig.  11.  As  observed  from  Fig.  11  the  normalized  Jc  for  the 
30%  and  the  40%  211  samples  is  relatively  higher.  This  can  be  explained  by  the 
presence  of  increasingly  efficient  flux-pinning  sites  (such  as  the  interpenetrating  twins) 
which  are  formed  with  increasing  volume  percent  of  21 1  starting  between  30%  to  40 
volume  percent  of  2 1 1 . 

The  2%  contraction  along  the  [001]  direction  from  the  T— »0  traitsformation  is 
relieved  partially  by  plastic  deformation  mechanisms  dislocation  motion  in  the  basal 
plane  as  well  as  formation  of  stacking  faults.  Such  dislocations  and  stacking  faults 
have  been  seen  in  the  Y123  matrix  for  cases  when  the  211  particles  are  in  close 
proximity  to  each  other,  shown  in  Fig.  12  and  Fig.  13 
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Another  important  observation  made  is  that  two  twin  variants  were  observed  in 
a  region  between  two  211  particles  A  and  B  (see  Fig.  14),  where  particle  A  being 
closer  to  a  near  by  boundary,  has  two  twin  variants  emerging  trom  its  interface  with 
the  Y123  matrix. 

From  this  observation  we  postulate  that  the  211/Y123  is  a  short  circuit 
pathway  for  oxygen  diffusion  since  particle  A  is  closer  to  the  Y 123  boundary  which  is  - 
known  to  provide  a  fast  diffusion  pathway  for  oxygen.  Oxygen  intercalation  is 
necessary  for  the  T-K)  transformation.  This  short  circuit  pathway  at  the  211A'123 
interface  leads  to  a  higher  oxygen  concentration  (  i.e  5  nearly  equal  to  0.1)  at  the 
211/Y123  interface  and  therefore  facilitates  the.T->0  transformation  such  that  the 
propagation  of  the  two  twin  variants  are  emerging  from  the  211/Y123  interface  as 
shown  in  Fig.  15. 

IV.  CONCLUSIONS 

We  have  studied  the  multiple  effects  of  211  additions  to  Y123.  Our  results 
show  that  a  increasing  211  volume  percent  in  a  Y 123  matrix  results  in  the  formation  of 
certain  highly  efficient  flux  pinning  structures  which  has  prevented  an  otherwise 
proportional  reduction  in  Jc,  despite  a  decrease  in  Y 123  superconducting  volume. 

The  addition  of  21 1  has  both  a  direct  and  an  indirect  effect  on  the  Jc.  The  addition  of  21 1 
has  indirectly  affected  microstructuial  features  such  as  twin  spacing  and  densitiesr^of 
dislocations  and  stacking  faults.  The  variation  of  twin  spacing  has  been  systematically 
studied  with  samples  containing  different  volume  percentages  of  211.  We  observed  that 
the  twin  spacing  decreases  with  increasing  volume  percent  of  211  and  more  importantly 
within  a  finite  volume  percent  of  21 1,  the  twin  spacing  decreases  with  the  21 1  interparticle 
spacing  following  equation  4.  The  21 1/Y123  interface  may  act  as  a  short  circuit  pathway 
for  oxygen  diffusion  hence  increase  the  rate  and  the  extent  of  the  T->0  transformation  in 
a  dense  Y123  sample.  This  short  circuit  pathway  of  high  oxygen  concentration  at  the 
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Y 123/2 11  interface  also  may  enhance  the  formation  of  the  two  twin  variants  adjacent  to 
each  211  particles. 
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Fig.l  Optical  micrograph  of  20  volume%  21 1  in  an  oxygenated  Y123  matrix. 


Areas  marked  as  A  show  211  particles  while  B  shows  the  presence  of  cracks 
parallel  to  the  (001)  plane  of  Y123. 

Fig.2  Variation  of  21 1  area  fraction  ( A[“’)  with  respect  to  volume  percent  211. 

Fig.3  Variation  of  21 1  interparticle  spacing  with  21 1  volume  percent  along  (001) 

and  ( 1 10)  planar  sections. 

Fig.4  Areas  of  high  reflectivity  as  seen  under  the  optical  microscope.  (Marked  as  A) 

Fig  S  Secondary  electron  image  of  20%  21 1  in  Y 123  matrix  showing  regions  where 
EPMA  is  done  ( marked  as  A) 

Fig.6  Back  scattered  electron  micrographs  of  a  20%  21 1  in  Y123  matrix  showing 
shape  and  size  dispersions  of  211  particles. 

Fig.7  Fine  twins  between  211  particles. 

Fig.8  Variation  of  twin  spacing  with  the  square  root  of  local  211  interparticle 
spacing  for  40%  211  sample. 

Fig.9  Schematic  diagram  of  a  fluxoid  being  trapped.  The  areas  marked  are  possible 
regions  of  flux  piruiing. 

Fig.  10  Jc  v/s  H  for  various  volume%  of  2 1 1  in  Y123  matrix. 

Fig.  1 1  Weighted  Jc  v/s  Volume  percent  211,  showing  evidence  for  increased 
efficiency  of  flux  pirming  with  decreasing  superconducting  volume. 

Fig.l2  Presence  of  dislocations  in  the  (001)  basal  plane  of  a  40%  211  sample 

Fig.  13  Presence  of  stacking  faults  and  cracks  in  the  vicinity  of  a  2 1 1  particle  in  the 

(001)  basal  plane  of  a  40%  211  sample.  Viewed  along  a  near  [001]  incidence. 

Fig.l4  Twins  emerging  from  a  21 1/Y123  interface,  with  particle  A  closer  to  a 
boimdary. 


Table  Captions 

Tab.I  Variation  of  liquid  phase  composition  with  respect  to  Y 123  stochiometry. 
Tab  n  Variation  of  liquid  phase  composition  with  respect  to  BaCu02  stochiometry. 
Tab.m  Measurements  done  along  (001)  and  (110)  planar  sections. 
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LIQUID  PHASE  COMPOSITION 


AREA 

YTTRIUM 

BARIUM 

COPPER 

1. 

0.44 

0.31 

8.06 

2. 

0.05 

0.04  .. 

9.27 

3. 

0.57 

0.27 

8.26 

4. 

0.96 

2.10 

3.18 

YBa2Cu3(>7.5* 

1.00 

2.00 

3.00 

•  The  above  table  gives  the  elemental  stochiometry  of  the  liquid  phase  with  respect  to 
YBa2Cu307.5. 

*  Thus  area  YBa2Cu307.5  gives  the  elemental  stochiometry  of  YBa2Cu307.5.This  may 

be  used  as  a  standard  for  comparing  the  yttrium,barium  and  copper  stoichiometries  in 
the  observed  liquid  phase. 


Table.I 
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LIQUID  PHASE  COMPOSITION 
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0.14 

3.4 
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0.02 

3.91 

3 

0:11  - 

3.48 

4 

0.88 

1.34 

BaCuCb* 

1.00 

1.00 

•  The  above  table  gives  the  elemental  stocbiometry  of  the  liquid  phase  when  compared 
to  BaCu02  (the  predominantly  liquid  phase  at  the  peritectic  temperature). 

The  figures  corresponding  to  this  area  can  be  used  to  compare  the  other  areas  since 
they  correspond  to  an  exact  BaCu02  stocbiometry. 
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ABSTRACT 

Electronic  device  applications  of  high  temperature  superconductors  require  the  production  of 
patterned  thin  films  which  are  stable  and  inert  in  various  operating  environments.  However,  the 

superconducting  rare  earth  barium  cuprates  have  been  shown  to  decompose  in  water  and  to  degrade  in 

1*1  JtiA 

superconducting  properties  iq  a  humid  atmosphere.  Protective  coatings  or  removable  protective  films 
can  realize  many  applications  and  facilitate  processing  of  superconducting  devices.  Here,  diamond-like 
carbon  films  as  well  as  amorphous  carbon  films  are  being  investigated  as  possible  protective  layers  for 
YBajCUjO^.,  (YBCO).  Amorphous  carbon  (a-carbon)  films  deposited  by  evaporation  are  shown  to 
protect  superconducting  YBCO  films  from  degradation  by  humidity.  The  YBCO  films  with  a-carbon 
coating  had  critical  current  densities  4  orders  of  magnitude  higher  than  the  uncoated  films  after  2  hours 
at  100%  RH  stressing.  The  critical  current  is  shown  to  be  a  better  indicator  for  the  degree  of 
degradation,  since  the  transition  temperature  remains  relatively  constant  as  long  as  there  is  enough 
YBCO  phase  to  provide  a  percolation  path  for  the  supercurrent.  Degradation  was  also  evaluated  by 
SEM  micrographs. 

INTRODUCTION 

Several  studies  on  the  environmental  degradation  of  the  YBajCujO^.,  (YBCOI  as  well  as 
interactions  of  YBCO  with  water  and  other  solvents,  showed  that  degradation  processes  were 
inevitable  and  irreversible'  *.  These  results  agree  with  the  measured  enthalpy  lAH)  of  the  detrimental 
reaction:  2  YBajCuaO^.,  (s»  +  3  H^O  (II  --  5  CuO  Is)  3  BalOH)^  Is)  +  Y^BaCuO*  Is)  -h  1%  -  x)  Oj  Ig) 
with  a  value  of  -496  kJ/mole  at  room  temperature  for  x  =  0.^"  The  large  negative  value  of  enthalpy, 
which  can  be  used  to  estimate  free  energy  since  the  entropy  contribution  is  small,  indicates  that  the 
reaction  is  spontaneous.  In  particular,  surface  decomposition  of  YBCO  in  mild  environments  was 
observed  by  high  resolution  electron  microscopy  (HREM)  and  transmission  electron  microscopy 
ITEM).’*’® 

There  are  some  misconceptions  that  stoichiometric  and  highly  (001]-oriented  YBCO  films  are 
not  susceptible  to  degradation.  The  degradation  will  be  slower  for  such  films,  but  it  does  occur,  since 
it  is  a  matter  of  kinetics  and  not  thermodynamics.  The  surface  decomposition,  as  observed  by  HREM, 
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occurs  by  insertion  of  an  extra  Cu-0  layer  along  the  (001)  plane. This  process  occurs  less  easily  on  a 
(001 )  surface,  which  explains  the  observation  that  c-oriented  films  are  less  susceptible  to  degradation. 
However,  even  highly  c-oriented  films  do  degrade.  Besides,  these  films  usually  have  a  fair  number  of 
grains  of  other  orientations.  As-deposited  films  made  by  coevaporation  of  BaFj,  Y  and  Cu  are  robust 
because,  unlike  either  Ba  or  BaO,  BaPj  is  not  hygroscopic.'^  (See  Appendix  I).  However,  after 
annealing,  these  films  consist  of  the  YBCO  phase  and  therefore,  like  other  YBCO  films,  will  be 
susceptible  to  degradation  under  ambient  conditions.  All  YBCO  films  1;/m  thick  or  thinner  prepared  by 
various  methods  (e.g.  in-situ  laser  deposition,  e-beam  coevaporation)  dissolve  in  1  vol.%  nitric  acid  in 
less  than  30  sec.’’  Processing  of  YBCO  films  requires  methodical  efforts  to  keep  them  dry.””  Even 
good  YBCO  films  that  give  a  high  quality  factor  (Q)  in  microwave  meander-line  resonators  can 
deteriorate  in  an  unpredictable  manner  in  spite  of  careful  handling.'^  Although  more  data  exist  on 
degradation  of  YBCO  than  on  other  superconducting  rare  earth  barium  cuprates,  it  is  believed  that, 
because  of  the  similarity  in  valence  and  chemistry  of  yttrium  and  other  rare  earth  elements,  the  other 
rare  earth  barium  cuprates  are  also  susceptible  to  degradation  and  can  benefit  from  protective  coatings 
similar  to  those  used  for  YBCO.  In  YBCO,  BaO  is  the  most  unstable  of  the  constituent  oxides,  so  any 
high  temperature  superconductor  (HTSC)  with  BaO.  or  other  alkaline  earth  oxides  as  a  component,  will 
presumably  be  subject  to  degradation  in  the  presence  of  water  vapor. 

High  superconducting  thin  films,  because  of  their  low  surface  resistance,  may  find 
application  in  high  frequency  devices  operating  at  microwave,  radio,  and  mm-wave  frequencies. 
Conductors  used  for  high  frequency  devices  need  to  have  high  surface  conductivity.  The  surface 
conductivity  of  the  superconducting  materials  at  the  operating  temperature  depends  on  the  integrity  of 
the  surface  layer  to  a  thickness  comparable  with  the  magnetic  penetration  depth.  The  zero- 
temperature  penetration  depth  in  YBCO  thin  films  has  been  measured  by  various  techniques  to  lie  in 
the  150  -  300  nm  range.’’  ’®  The  temperature  dependence  of  the  penetration  depth  in  YBCO  films 
follows  the  Gorter-Casimir  relation  AIT)  =  A,  /  [1  -  (T/Tj)*)”®.'®  The  measured  effective  penetration 
depth  is  known  to  increase  with  less  than  optimal  YBCO  films.’® 


Environmental  degradation  will  reduce  the  surface  connectivity  of  the  superconducting 


materials,  reduce  the  critical  current,  reduce  magnetic  susceptibility,  increase  the  surface  resistance 
and  therefore,  degrade  performance  of  devices  that  are  made  with  HTSC  materials.  Hence,  protective 
coatings  for  HTSC  materials  are  important  for  device  applications.  Other  coating  methods  that  have 
been  used  include  metals  such  as  Ag  or  and  dielectrics  such  as  MgO  or  LaAIOj.^^  These 

methods  would  be  effective  for  building  devices,  but  would  be  difficult  to  remove  if  used  only  as  a 
temporary  coating.  Plasma  polymerization  of  polymeric  films  has  also  been  used  to  protectively  coat 
YBCO.  One  polymer  film  had  a  composition  sioular  to  tetrafluoroethylene,  but  the  YBCO  reacted  with 
the  fluorine  at  the  interface.  The  interfacial  reaction  would  limit  the  commercial  possibilities.^^ 
Polyacrylonitrile  has  also  been  used  successfully  as  a  water  barrier.  It  is  unclear  whether  there  is  any 
interfacial  reaction,  whether  the  film  can  be  deposited  directly  in  the  YBCO  film  deposition  chamber,  or 
whether  the  polymer  films  can  be  easily  removed  for  later  YBCO  film  processing.^* 

Carbon  coatings  of  YBCO  films  have  many  advantages.  Carbon  does  not  react  chemically  with 

water,  organic  solvents,  mild  acids  or  bases.  Therefore,  a  pinhole-free  coating  of  carbon  can  provide  a 

protective  coating  for  YBCO  or  its  hygroscopic  precursors.  The  coating  would  be  removed  before 

annealing  by  oxygen  plasma  etching,  and  then  reapplied  to  protect  the  YBCO  before  the  next 
A 

patterning  step. 

Carbon  films,  depending  on  the  method  of  deposition,  can  exist  at  one  extreme  as 
amorphous/microcrystalline  graphitic  carbon  films  that  are  electrical  conductors,  or  at  the  other 
extreme  as  ”diamond-like"  films  that  ere  insulating,  scratch  resistant,  and  transparent.  The  films  can 
also  exist  in  a  continuum  of  polymeric  states  between  the  two  extremes.^^  Some  of  the  properties  of 
these  films  depend  on  the  methods  as  well  as  the  conditions  of  deposition,  in  particular,  "diamond¬ 
like"  films  with  a  dielectric  constant  around  5.5  can  have  a  large  range  of  measured  dielectric  loss. 

The  loss  depends  on  the  species  incorporated  during  deposition.  Such  a  large  variety  of  properties  of 
the  protective  films  can  be  highly  desirable  to  tailor  coating  properties  for  each  particular  application  for 
HTSC  films. 

The  carbon  films  can  be  easily  removed  without  residue  by  application  of  a  room-temperature 
oxygen  plasma.  In  addition,  room-temperature  plasma  oxidation  can  enrich  the  oxygen  content  of 
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YBCO  and  improve  superconducting  propertios.^*  Therefore,  these  carbon  films  can  be  used  to  protect 
the  YBCO  during  harsh  processing  and  later  removed. 

Deposition  of  these  carbon  films  as  well  as  their  removal  by  oxygen  plasma  can  easily  be 
integrated  into  existing  vacuum  deposition  chambers  used  for  HTSC  film  deposition.^^  Such 
compatibility  of  different  processes  can  lead  to  versatility  in  fabrication  of  device  structures.  For 
example,  deposition  of  an  in-situ  carbon  film  right  after  the  YBCO  deposition  can  be  used  to  protect 
YBCO  films  from  degradation  during  transportation  from  one  vacuum  chamber  to  another.  The  pristine 
YBCO  surface  can  be  regenerated  with  the  oxygen  plasma  in  the  second  chamber  before  the  next  layer 
is  deposited.  This  can  be  important  for  ex-situ  layer-by-layer  processing  and  complicated  layering 
schemes  for  junction  fabrication.  Both  carbon  film  deposition  and  removal  by  plasma  oxidation  can  be 
accomplished  with  the  YBCO  films  at  room  temperature. 

PREVIOUS  EXPERIMENTS 

Previously,  one  of  the  authors  Chan)**  with  L.  Farrow  had  shown  the  deterioration  of  the 
characteristic  YBCO  Raman  signal  over  the  course  of  several  hours  of  exposure  in  ambient  air.  In 
particular,  the  decreasing  intensity  and  the  down  shift  of  the  500  cm '  mode  has  been  related  to  the 
removal  of  oxygen  in  the  YBCO  films.**  Encapsulation  of  these  films  with  a  20  nm  thick  layer  of 
"diamond-like"  carbon  film  was  accomplished  by  plasma  polymerization  of  butane.  The  coatings  were 
transparent  to  visible  light,  and  the  Raman  spectra  demonstrated  that  the  YBCO  films  retained  their 
good  quality  after  the  coating  procedure  and  over  the  course  of  the  day.  Since  it  was  found  that  a  200 
nm  diamond-like  film  will  peel  off  due  to  its  inherent  compressive  stress,  the  optimal  thickness  would 
appear  to  be  between  20  nm  to  200  nm. 

Water  permeability  of  both  types  of  films  was  estimated  by  measuring  the  rats  of 
perevaporation  of  water  through  a  carbon-coated  cellulose  acetate  film  25  microns  thick.  The  DLC- 
coated  cellulose  acetate  film  was  two  times  less  permeable  than  the  amorphous  carbon-coated  film, 
while  the  amorphous  carbon-coated  film  was  about  four  times  less  permeable  to  water  vapor  than  the 
uncoated  film.** 


EXPERIMENTAL  DETAILS 


YBCO  precursor  films  1 00  nm  thick  were  deposited  on  LaAiOj.  Details  of  the  coevaporation 
process  are  described  elsewhere.^  The  precursor  film  was  annealed  to  form  the  YBCO  phase  (see 
A^-^endix  I).  Samples  were  diamond  scribed  after  annealing  to  form  bridges  for  critical  current 
isurements.  A  diamond  scribe  was  attached  to  the  z-axis  of  a  micrometer  stage,  and  the  motion 
was  controlled  by  the  x-  or  y-axis  micrometer.  The  diamond  scribe  was  lowered  onto  the  sample  at 
one  end,  and  then  moved  along  to  scratch  the  sample.  Approximately  halfway  through  the  width  of 
the  sample,  the  diamond  scribe  was  lifted,  moved  across  the  sample  by  approximately  1 00  microns, 
and  then  lowered  again  to  complete  the  scratch.  The  discontinuity  in  the  scratch  formed  the 
superconducting  bridge  for  the  critical  current  measurement.  Bridges  were  measured  using  optical 
microscopy  at  300X  (see  Figure  1).  Widths  of  bridges  were  measured  from  the  ends  of  the  scratch, 
including  any  cracks,  closest  to  the  center  of  the  bridge.  Films  of  20  nm  Au  and  1 00  nm  Ag  were 
evaporated  onto  the  samples  as  contacting  electrodes  for  conventional  4-point  probe  measurements. 
Masks  were  applied  over  the  electrodes  for  samples  that  were  to  receive  subsequent  carbon  coating. 

Samples  were  divided  into  three  groups:  OLC  coated,  a-C  coated,  and  control.  An  amorphous 
carbon  film  of  10  nm  in  thickness  was  evaporated  in  a  Denton  Vacuum  Evaporator  model  503FP  at  10  * 
torr  using  a  graphite  filament  source  as  is  typically  done  for  scanning  electron  microscopy  (SEMI  of 
non-conductive  samples.  A  80  nm  thick  diamond-tike  carbon  film  was  applied  in  a  reactive  ion  etching 
(RIE)  chamber  first  etching  the  samples  for  1 0  seconds  in  oxygen  at  40  mtorr  and  -350  volt  bias,  and 
then  depositing  OLC  for  80  seconds  using  butadiene  at  40  mtorr  and  -450  volt  bias.  The  RIE  chamber 
was  manufactured  by  Oxford  Plasma  Technology. 

All  samples  were  measured  for  critical  transition  temperatures  (T^'s)  and  critical  current 
densities  (J^'s)  prior  to  any  humidity  stressing.  Gold  wires  were  bonded  to  the  silver  electrodes  using 
indium  as  a  solder.  Samples  were  connected  to  the  apparatus  by  mounting  the  4  gold  wires  on  brass 
screw  contacts  which  connected  to  the  voltage  and  current  sources.  Samples  were  cooled  in  liquid 
nitrogen,  and  then  heated  in  ambient  air  to  determine  the  superconducting  transition  temperature  (T^l 
using  a  current  of  1  microamp.  The  measurement  apparatus  is  shown  in  Figure  2.  Critical  current 
measurements  were  done  immersed  in  liquid  nitrogen  (77  K).  The  current  was  manually  increased  from 
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one  nanoamp  in  exponential  increments  (i.e.  x  10)  until  the  voltage  increased.  Smaller  increments 
were  then  used  to  get  a  smooth  curve.  The  critical  current  was  taken  as  an  increase  of  one  microvolt, 
which  is  twice  the  noise  level  of  our  equipment. 

Four  degradation  conditions  were  used  to  evaluate  the  effectiveness  of  a-carbon  as  a 
protective  coating  for  YBCO  films.  The  first  one  was  4  hours  in  a  closed  chamber  at  22°C  with  an 
ambient  humidity  of  50%  RH.  Samples  were  again  stored  in  a  dessicator  until  they  were  remeasured. 
No  detectable  degradation  was  seen  (Table  I).  in  subsequent  experiments,  to  achieve  100%  relative 
humidity,  the  air  was  bubbled  through  water,  and  then  into  the  degradation  chamber.  The  second 
condition  was  at  lOO'C,  100%  RH  for  30  minutes.  This  process  completely  destroyed  the  uncoated 
films,  and  degraded  the  coated  samples  to  the  point  that  the  film  was  no  longer  continuous.  New 
samples  were  psepefe^eMi-degraded  in  a  third  condition  at  22‘‘C,  100%  RH  for  44.5  hours  (p^2o  = 
0.026  atm,  Pcoj  ^  0.0003  atm).  These  samples  were  conducting,  but  no  longer  had  a  measurable 
critical  current.  New  samples  were  again  prepared,  and  degraded  in  a  fourth  condition  for  2  hours  at 
20*C,  100%  RH  (p„2o  =  0.023  atm,  Pcoj  =  0.0003  atm).  The  degradation  apparatus  is  shown  in 
Figure  3. 

RESULTS  AND  DISCUSSION 

The  DLC  coated  samples  had  two  processing  problems:  the  large  compressive  stress  in  the 
DLC  film  caused  existing  cracks  near  the  bridge  to  propagate,  which  made  the  bridge  narrower  in  one 
case,  and  caused  an  open  circuit  in  another.  In  addition,  the  DLC  film  delaminated  during  the 
measurement  from  the  thermal  shock  of  the  liquid  nitrogen  and  due  to  a  large  difference  in  thermal 
expansion  coefficients  (see  Figure  4),  and  began  to  peel  off  after  repeated  measurements.  Therefore, 
DLC  films  have  potential  to  be  used  as  an  effective  coating  between  processes  that  would  not  be 
subject  to  thermal  shock,  or  if  deposition  procedures  were  developed  to  deposit  films  with  a  lower 
compressive  stress. 

The  critical  transition  temperature  (T^)  was  taken  as  the  midpoint  of  the  transition.  The 
transition  width  was  measured  as  between  1 0%  of  the  transition  from  the  superconducting  baseline. 


and  90%  to  the  resistive  state. 
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The  data  for  samples  degraded  for  4  hours  at  ambient  humidity  are  shown  in  Table  I.  No 
significant  difference  between  coatings  is  noted.  The  data  for  samples  degraded  for  44.5  hours  at 
22‘C  and  100%  relative  humidity  (RH)  are  shown  in  Table  II.  Measurements  of  T^  and  could  not  be 
made  after  this  degradation  process  since  the  critical  currents  of  the  samples  were  lower  than  the 
lowest  setting  of  the  current  source  (1  nanoamp). 

Perhaps,  the  fourth  condition  which  is  2  hours  at  20°C,  1 00%  RH,  gives  the  most  important 
comparison  of  T,,  and  J^.  The  T,.  and  transition  width  data  before  and  after  degradation  are  shown  in 
Table  III.  The  T^  on  samples  before  degradation  ranged  from  87  to  91 K,  and  after  degradation  was 
between  86  and  90K.  The  transition  widths  before  and  after  degradation  show  a  clear  difference 
between  sample  groups.  The  average  transition  width  for  the  a*C  samples  before  degradation  is  1 
degree,  and  after  degradation  is  4.7  degrees.  For  the  control  samples,  the  average  transition  width 
before  degradation  is  2.7  degrees,  and  after  degradation  is  9.3  degrees  (see  Figures  5  and  6).  The 
offset  in  Figure  5  is  due  to  the  severity  of  the  degradation. 

The  J,.  measurements  show  the  most  dramatic  difference  between  sample  groups  (see  Table  IV 
and  Figures  7  and  8).  The  critical  current  density  for  all  samples  before  degradation  was  on  the  order 
of  10*  amps/cm^  or  greater.  The  a-C  coated  samples  had  a  critical  current  density  higher  than  could  be 
measured  by  the  current  source  (>  10*  amps/cm*).  The  values  however  are  close  to  the  maximum 
of  10^  amps/cm*  at  77K  that  has  been  observed  for  YBCO  thin  films.  The  J,.  measurements  after 
degradation  for  a-C  coated  samples  ate  between  10*  and  10*  amps/cm^.  They  all  decreased  from  the 
initial  measurements,  and  none  exceeded  the  measurement  capability  of  the  current  source  as 
happened  before  degradation.  There  was  some  degradation  of  the  superconducting  films,  but  the 
critical  current  densities  are  still  high  enough  for  use  in  electronic  devices.  The  control  samples  had 
decreased  in  critical  current  density  to  the  point  that  they  would  be  no  longer  useable  as 
superconductors  in  devices.  The  measurements  ranged  from  0.1  to  1.75  amps/cm*. 

The  room  temperature  resistivities  (see  Table  V)  increased  slightly  in  both  the  control  and  a-C 
sample  groups  after  degradation.  There  is  not  enough  of  a  change  to  differentiate  sample  groups, 
although  all  samples  have  obviously  shown  some  degradation  over  the  two-hour  period  due  to  the 
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consistent  higher  resistivity  after  degradation. 

Scanning  electron  microscopy  ISEM)  was  applied  to  examine  the  degraded  film  surfaces.  SEM 
analysis  of  the  degraded  films  shows  that  more  features  are  apparent  on  the  control  sample  (see 
Figures  9  and  10).  The  original,  undegraded  films  are  all  smooth  and  featureless.  The  degradation 
begins  as  small  pits  which  expand  to  cover  a  larger  area  as  the  degradation  progresses  resembling  a 
nucleation  and  growth  process.  Comparison  of  the  micrographs  of  the  coated  and  uncoated  samples 
reveals  that  the  degraded  areas  are  larger  by  a  factor  of  100  in  the  control  sample  than  the  a-C  coated 
sample.  The  mode  of  degradation  appears  to  be  similar  in  both  samples. 

The  a-C  film  is  effective  for  preventing  degradation  by  the  effects  of  water  vapor  for  short 
periods  of  time  (2  hours),  at  ambient  conditions  (see  Table  I).  Further  study  will  be  needed  to 
determine  the  threshold  at  which  the  coating  is  no  longer  effective  to  maintain  useable 
superconducting  properties  of  the  YBCO.  By  coating  the  YBCO,  the  degradation  is  significantly 
decreased  as  demonstrated  by  the  SEM  micrographs  and  the  critical  current  densities.  The  a-C  coating 
is  not  completely  effective  as  a  passivation  layer  since  it  does  not  form  conformal  coatings  and  is  not 
totally  impermeable  to  water,  and  some  degradation  was  observed  even  in  coated  samples.  Since  the 
YBCO  films  are  c-axis  oriented,  some  of  the  degradation  may  have  occurred  due  to  penetration  of  the 
water  vapor  underneath  the  carbon  film,  at  the  a-C/YBCO  interface. 

CONCLUSION 

The  a-C  coating  is  effective  as  a  passivation  layer  for  short-term  storage  of  YBCO  thin  films  in 
ambient  conditions  during  device  processing.  At  longer  times  (greater  than  1  day)  at  high  relative 
humidity  levels  (p^jo  =  0.026  atm)  and  ambient  temperature,  significant  degradation  occurs,  and  both 
coated  and  uncoated  samples  are  observed  to  degrade  to  different  extents.  Since  water  vapor  is  the 
critical  reactant,  degradation  for  2  hours  at  100%  RH  degraded  the  samples  more  than  degradation  for 
4  hours  at  ambient  humidity,  which  produced  no  significant  change  in  J,..  The  critical  current  density  is 
the  most  significant  parameter  to  indicate  the  level  of  degradation.  In  this  case,  the  a-C  coated  YBCO 
films  had  critical  current  densities  4  orders  of  magnitude  higher  than  the  uncoated  films  after  stressing 
2  hours  at  100%  RH.  The  a-carbon  coating  can  bo  used  to  minimize  short  term  degradation  for  YBCO 
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superconductors  in  humid  conditions,  although  the  degradation  will  proceed  at  a  much  slower  pace. 
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Table  I 


Superconducting  Data  before  and  after  first  condition:  4  hour,  22°C,  50%  RH  degradation 


Samplfi 

BEFORE 

Iranaitioa  Width 

Telia 

AFTER 

TfansitioD- Width 

a-Carbon 

2 

90 

1 

89 

1 

1 

88 

1 

88 

1 

10 

89 

1 

89 

1 

Control 

4 

88 

5 

88 

5 

11 

91 

1 

86 

2 

16 

90 

3 

89 

3 

Superconducting  Data  for  the  third  condition:  44.5  hour,  22°C,  100%  RH  degradation 


too  large  to  be  measured 


Tabla  III 


Control 


2 

90 

1 

87 

8 

5 

87 

2 

89 

10 

7 

89 

5 

90 

10 

Table  IV 


Critical  Current  Density  for  the  fourth  condition;  2  hour,  20‘’C,  100%  RH  degradation 


BEFORE 

AFTER 

Sampla 

J^IAmps/cm’) 

J^tAmps/cm’) 

a-Carbon 

3 

>1.28  X  10* 

1.03  X  10* 

4 

>1.52  X  10* 

4.55  X  10* 

8 

>9.52  X  10* 

4.76  X  10* 

Control 

2 

4.00  X  10* 

1.33  X  10® 

5 

1.05  X  10* 

1.75  X  10® 

7 

1.08  X  10* 

1.08  X  10  ’ 

Note:  The  critical  current  density  measurements  on  the  a-Carbon  samples  all  exceeded  the  capacity 
of  the  meter  so  the  actual  values  are  higher,  but  would  not  be  expected  to  be  higher  than  10’, 
since  that  is  the  highest  critical  current  density  observed  for  YBCO  films  of  this  type. 


Table  V 


Room  Temperature  Resistivity  for  the  fourth  condition;  2  hour,  20°C,  100%  RH  degradation 


BEFORE 

AFTER 

Sample 

0  (Qhm-cml 

p  (Qhm-cmi 

a-Carbon 

3 

6.54  X  10  * 

7.37  X  10  * 

4 

4.47  X  10  * 

7.19  X  10* 

8 

3.42  X  10* 

3.70  X  10* 

Control 

2 

1.61  X  10* 

2.07  X  10* 

5 

1.06  X  10-* 

1.80  X  10* 

7 

8.76  X  10  * 

1.40  X  10  * 

Figure  1 

Optical  micrograph  showing  2  diamond-scribe  marks  defining  a  bridge  of 
53  microns  wide  and  53  microns  long. 


Figure  4 

Optical  Micrograph  showing  the  crazing  of  a  DLC  film  on  YBCO  film 
after  the  thermal  shock  of  liquid  nitrogen 


Figure  9 

SEM  micrograph  showing  degradation  of  uncoated  YBCO  film 


Appendix  I 


Thermodynamics  of  Barium  Fluoride  Precursor  Method 
3  simultaneous  reactions  during  annealing  of  precursor  films  of  Y-Ba-Cu-F-0  in  HjO  and  Oj. 

CU2O  (s)  -f-  1  /2  O2  (g)  -  2  CuO  (s) 

AH  »  21-157.3)  - 1-168.6)  =  -146  kJ/mol  -(ref.  11) 

AS  =  2(42.63)  +  0.5(205.14)  -  (93.14)  =  94.69  J/mol-K  -(ref.  11) 

AG  =  -146  -  (.0947)17)  +  0.5(.008314)(T)ln(pOj)  kJ/mol 

BaF2  (s)+  H2O  (g)-  BaO  (s)+  2HF  (g) 


AH  =  -553.5  +  2(271.1)  -  (-1207.1  -  285.83)  =  397.23  kJ/mol  -(ref.  11) 

AS  =  70.42  +  2(173.8)  -  (96.36  +  69.91)  =  251.71  J/mol-K  -(ref.  11) 

AG  =  397  -  (0.25 1)T  -  .008314(T)ln(p*HF/pH20)  kJ/mol 


1/2  Y2O3  (s)+  2  BaO  (s)+  3  CuO  (s)-  YBa2Cu306.5  (s) 


AH  =  -80.1  kJ/mol 
AH  =  -21.4  kJ/mol 
AH  =  -109  kJ/mol 


-  ref.  10  (calorimetry) 

-  ref.  8  (emf) 

-  ref.  9  (emf) 


AS  =  29  J/mol-K 
AS  =  -4.6  J/mol-K 

AG  =  -109  +  4.6  X  10  ®  IT)  kJ/mol 
AG  =  -80.1  -  0.029  (T)  kJ/mol 
AG  =  -21.4  -  0.029  (T)  kJ/mol 


-  ref.  8  (emf) 

-  ref.  9  (emf) 

-  ref.  9  (emf) 

-  AH  from  ref.  1 0,  AS  from  ref.  8 

-  data  from  ref.  8  (emf) 


The  above  values  of  Gibbs  Free  Energy  can  be  used  to  calculate  the  temperature  and  oxygen  partial 
pressure  that  will  be  thermodynamically  favorable  for  the  annealing  process. 
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Gold  and  silver  are  known  to  be  important  contact  metals  on 
yBa2Cu307_^  (YBCO) .  Both  metals  have  been  used  as  additives  in 
fabricating  tapes  of  ¥B<^0  and  Bi2Sr2CaCu20g  (BSCCO)  materials  and 
have  favorable  results  in  Improving  not  only  the  flexibility  but 
also  the  weighted  critical  currents  of  the  resulting  composites. 
Previous  results  on  S/N/S  and  S/V/S*  junctions  made  using 
YBCO/Au/YBCO  and  YBCO/Au/Nb  demonstrated  that  a  super  cur  rent  can  be 
induced  in  the  normal  metal  layers  through  the  proximity  effect. 
Our  transmission  electron  microscopy  of  the  Au/YBCO  interfaces 
shows  well-bonded  interface  with  no  extraneous  phases  present. 
Lattice  fringes  of  the  (001)  plane  in  YBCO  terminated  at  the 
interface  abruptly.  This  observation  support  previous  results  of 
contact  resistance  and  X-ray  photoelectron  spectroscopy  (XPS) .  Both 
(001)  integral  steps  and  multiples  of  1/3(001)  steps  were  observed 
at  the  Au/YBCO  Interface.  When  the  top  gold  layer  was  absent 
locally,  surface  degradation  was  observed  as  the  (001)  lattice 
fringes  stopped  short  from  the  surface  by  10  nm.  Our  results 
support  that  Au  is  a  desirable  contact  metal  and  a  dependable 
surface  passivation  material  for  YBCO. 

ZMTRODnCTXOM 

For  the  YBa2Cu307_]^  (henceforth  referred  to  as  123  or  YBCO) 
materials  to  be  useful  as  supercurrent  conductor  for  electromagnet, 
YBCO  materials  need  to  be  fabricated  into  flexible  tapes  or  wires 


with  high  flux  pinning  capabilities.  Unlike  other  reactive  metals 
(e.g.  Cu,  Ti,  Nb  and  Sn)  which  strongly  react  with  oxygen  and  can 
form  an  insulating  oxide  layer  at  the  interface  as  well  as  a  non~ 
superconducting  layer  on  the  YBCO  surface  due  to  depletion  of 
oxygen^,  noble  metals  like  silver  and  gold  are  phase  compatible 
with  YBCO  and  have  been  used  as  additives  to  increase  flexibility 
in  the  resulting  superconducting  composites.  Moreover,  shank 
materials,  i.e.  normal  metals  are  needed  to  carry  overflow  current 
and  conduct  away  heat  when  a  small  part  of  the  YBCO  materials  goes 
normal.  Transport  across  YBCO/metal  interface  is  important  for  the 
use  of  the  normal  metals  as  a  shank  as  well  as  for  S/N/S  junction 
devices  which  use  two  such  interfaces.  The  understanding  of  these 
technologically  important  interfaces  is  essential  in  order  to 
harness  YBCO  for  electrical  power  applications  as  well  as  for  S/N/S 
junction  devices. 

Various  research  groups  have  been  successful  in  improving 
critical  current  Jc  by  processing  High  Temperature  Superconducting 
Cuprates  (HTSC)  with  silver.  Critical  currents  greater  than  10^ 
A/cm^  at  4.2  K  and  10’*‘26  T  in  silver-sheathed  BSCCO  wire  were 
prepared  by  Heine  et.  al.  of  Vacuumschmelze^  .  Oseunura  et.al. 
found  Jc  greater  than  10^  K/cu?  at  4.2  K  in  10-25  T  of  silver- 
sheathed  poly-crystalline  tapes  of  YBCO  and  Bl2Sr2CaCu20a  (BSCCO)  ^ 
.  Furthermore,  Murakami  from  ISETEC  had  demonstrated  the  dramatic 
flux  pinning  capability  of  Ag  doped  YBCO  materials  from  Melt- 
Powder-Melt-Growth  (MPMG)  process  ^  by  using  the  processed  YBCO 
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pallet  to  lift  a  weight  of  6  Kg  with  the  repulsive  force  against  a 
0.4  T  rare  earth  eagnet.  Evidently,  the  addition  of  silver  has 
apparently  improved  the  overall  texture  and  suppressed  cracking  in 
the  MPMG  processed  YBCO  materials.  In  addition,  American 
Superconductor^  using  internal  oxidation  of  metallic  preciirsor  for 
silver  sheathed  Cao,^YQ,9Ba2Cu40g  achieved  a  critical  current  density 
of  69,500  A/cm^  at  4.2  K  in  self-field;  moreover  with  an  applied 
field  of  0.1  Tesla,  the  sample  retained  39%  of  its  original 
critical  current. 

Other  aspects  of  silver  and  gold  with  YBCO  are  also  intriguing  and 
have  proved  that  the  two  interfacial  systems  deserve  more 
systematic  investigation: 

1.  Silver  and  gold  have  been  proved  to  be  important  contact 
materials  on  YBCO^  providing  the  lowest  contact  resistance 
to  YBCO. 

2.  Some  of  the  best  single  crystals  of  YBCO  were  made  in  gold 
crucible  and  contain  5  atomic  percents  Au  in  substitution  of 
Cu^. 

3.  The  nature  of  the  proximity  effect,  i.e.  induced  pairing  into 
a  normal  metal  which  is  in  contact  with  a  superconductor,  is 
still  illusive.  Apparently,  a  supercurrent  can  be  induced,  but 
not  a  gap®. 

To  our  knowledge,  few  detailed  investigations  of  the 
microstructure  of  the  Au/  YBCO  interface  have  been  published.  Here 
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w«  r«port  on  the  nano-scale  structiure  of  the  Au/YBCO  interface  of 
an  over- layer  gold  file  on  (001)  epitaxial  YBCO  file.  The  present 
study  of  the  nature  of  the  interface  with  transaission  electron 
microscopy  is  important  to  understand  the  electrical 
characteristics  of  the  Au/YBCO  interface  and  maybe  the  Ag/YBCO 
interface.  These  two  interfaces  are  technologically  important  in 
order  to  harness  YBCO  for  microelectronic  and  electrical  power 
applications. 

Our  present  study  will  investigate  the  nature  of  the  Au/YBCO 
interfaces  through  electron  microscopy  study.  In  particular,  this 
study  complements  our  earlier  study  of  the  metal/YBCO  interfacial 
properties  using  X-ray  photoelectron  spectroscopy,  and  temperature- 
dependent  contact  resistance  measurements^. 

Experimental 

Films  of  YBCO  were  grown  on  (001)  LaAlOj  at  a  substrate 
temperature  of  770°C  with  an  oxygen  pressure  of  200  mTorr  by  pulsed 
laser  deposition^.  The  base  vacuum  was  first  maintained  at  4xl0~^ 
Torr.  The  energy  beeun  from  a  YAG  laser  was  frequency  quadrupled  to 
give  a  wavelength  of  266nm  with  an  energy  density  of  2  J/cm^  per 
pulse  on  the  target,  while  the  duration  of  the  pulse  was  Q-swltched 
to  be  4  ns.  The  deposition  rate  for  YBCO  was  0.55  A/pulse  operating 
at  10  pulses  per  second.  After  deposition  the  chamber  was  back 
filled  with  oxygen,  while  the  substrate  was  slowly  cooled  to 
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100°C.  This  method  has  consistently  produced  YBCO  films  with  a 
transition  temperature  of  90K  and  a  critical  current  of  10^  A/cm^ 
at  77  K.  After  the  cool-down,  without  brecUcing  vacuum  the 
overlying  Au  film  was  also  laser  deposited  at  a  rate  of  o.lsA/pulse 
with  the  background  pressure  at  4x10"^  Torr  and  the  YBC0/LaAl03 
maintained  at  50°C. 

Cross-sectional  samples  were  prepared  for  examination  at  400KV 
in  a  Jeol-4000FX  transmission  electron  microscope  with  a 
coefficient  of  spherical  aberration  c,»3.4mm.  Films  were  glued 
face-to-face  with  epoxy  and  were  then  cut,  polished  and  dimpled  to 
a  thickness  not  more  than  50  micrometer.  The  samples  were  then  ion- 
milled  with  liquid  nitrogen  cooling  at  10  KV  Ar  ions  and  finished 
off  with  5  KV  Ar  ions.  Air-exposure  was  kept  to  a  minimum  by 
keeping  sample  in  desiccator  when  not  being  processed.  Parts  of  the 
Au  film  were  milled  away  to  expose  the  underlying  YBCO  film. 
Details  about  the  preparation  of  the  cross-sectional  samples  are 
given  elsewhere^^. 


Results 

The  YBCO  film  ex€UBined  (see  Fig.  l)  is  a  single  crystal, 
epitaxially  gro«m  film  on  the  (001)  IiaA103.  The  YBCO  film  is  130nm 
thick  while  the  overlying  gold  film  is  85nm  thick.  The  gold  film  is 
polycrystalline,  as  is  evident  from  the  spotty  rings  (  with  the  two 
smallest  rings  being  the  {111}  and  {200}  reflections  )  in  the 
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electron  diffraction  pattern  (see  the  insert  of  Figure  1  ) .  The 
gold  filB  is  of  coluBinar  grain  structure  with  grain  size  in  the 
filB  plane  close  to  5-10  nn,  consistent  with  the  low  substrate 
teaperature  (50°C)  used  during  the  Au  deposition.  Here  the  electron 
beaa  direction  is  [110]y3^.  The  satellite  spots  and  the  streaking 
along  in  the  c-dlrectlon  are  from  the  YBCO  filn  and  its  high 
density  of  stacking  faults,  translational  boundaries  and 
accompanying  partial  dislocations.  The  remaining  diffraction  spots 
constituting  a  lattice  pattern  belongs  to  the  LaAl03  substrate. 

A  distinct  alloyed  layer  of  20  nm  in  the  single  crystal  L2iA103 
under  the  YBCO  film  is  easily  visible.  The  undulating  Au/YBCO 
interface  contrasts  to  the  flat  YBC0/LaAl03  interface,  which 
suggests  that  (i)  the  roughness  at  the  YBCO/Au  was  not  a  result  of 
an  initial  rough  LaA103  substrate  surface  and  (ii)  the  final  growth 
stage  of  the  YBCO  film  was  under  a  condition  of  large  super¬ 
saturation  and  definitely  not  layer-by-layer  like.  The  maximum 
pe2Uc-to-valley  roughness  of  the  YBCO/Au  interface  is  8  nm,  about  7 
unit  cell  height  of  YBCO,  while  that  of  the  LaA103/YBC0  is  1.7nm, 
about  4  \init  cell  height  of  LaA103  along  an  interfacial  length  of 
300nm  under  observation.  Since  the  coherence  length  in  YBCO  is 
shortest  along  the  c-axis  direction,  an  atomic  flat  interface  of 
YBCO/Au  which  is  parallel  to  (001)  YBCO  will  have  a  much  weedcer 
proximity  effect  than  that  of  any  other  inclination  of  the  YBCO/Au 
interface.  Steps  in  the  (OOl)yg(^  Inclination  of  the  YBCO/Au 
interface  will  improve  the  proximity  effect  from  the  otherwise 


8 


atomically  flat  (001)  YBCO/Au  interface.  Control  over  the 
Interfacial  roughness  would  be  desirable  to  enhance  the  proximity 
effect  in  Au.  Here,  because  of  the  undulating  Au/YBCO  interface, 
effort  is  required  to  locate  perfect  end-on  Au/YBCO  interfaces  for 
high  resolution  observation. 

All  of  the  Interface  between  the  gold  and  the  YBCO  film  was 
observed  to  be  well  bonded.  The  interface  appears  abrupt  in  the 
High  Resolution  Transmission  Electron  Microscopy  (HRTEM)  images.  No 
cracks  or  extraneous  phases  were  observed  at  the  Au/YBCO  interface. 
The  interface  was  always  free  from  extraneous  phases  as  shown  in 
Figures  2  and  3.  Although  the  interface  is  not  always  parallel  to 
the  (001)  planes  of  the  YBCO  film,  the  lattice  images  of  the  (001) 
planes  in  the  YBCO  film  are  continuous  and  abut  at  the  interface  to 
the  gold  layer.  No  array  of  inter  facial  dislocations  was  observed, 
consistent  with  the  present  randomly  oriented  polycrystalline  gold 
overgrowth.  Arrays  of  interfacial  dislocations  are  usually  present 
at  epitaxial  interfaces  to  accommodate  the  lattice  misfit,  see  the 
slight  strain  contrast  at  the  YBC0/LaAL03  interfaces  (Fig.l).  No 
such  lattice  matching  was  apparent  here  at  the  Au/YBCO  interface, 
which  suggests  that  the  present  Au/YBCO  interface  is  completely 
incoherent,  and  does  not  bear  any  coherent  stresses. 

Faceting  at  an  atomic  scale  is  obvious  in  some  portions  of  the 
Au/YBCO  interface  where  the  (001)  planes  of  YBCO  are  parallel  to 
the  interface,  sc  as  to  maximize  the  contact  area  between  the  (001) 
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surface  of  YBCO  and  the  gold  layer  (Figures  2,  3  and  4).  This 
observation  suggests  that  the  (001)  YBCO  inclination  is  a  low 
energy  interface  between  gold  and  YBCO,  which  is  not  unexpected 
giving  that  the  (001)  YBCO  is  a  low  energy  surface.  Similar  basal 
plane  faceting  of  Bi2Sr2CaCu203_,  (BSCCO)  with  Tp»75-95K  in  contact 
with  silver  was  also  observed  where  a  polytype  of  a  lower 
transition  temperature  Bl2Sr2CU203^jj  (T^»7-22K)  was  observed  to  form 
at  the  steps^^.  Here,  the  formation  of  the  Y2Ba4Cu4025_x  (2-4-8) 
phase  (Tq»80K)  at  these  steps  is  not  regularly  observed.  When 
occasionally  the  translational  boundaries  with  1/3 [001]  and 
2/3 [001]  translation  vectors  terminate  at  the  (001)  atomic  steps 
(Fig.  4).  A  local  half  unit  cell  of  the  2-4-8  phase  can  form  under 
each  of  these  atomic  steps,  though  it  is  not  clear  from  the  present 
micrograph.  Since  the  stacking  fault  density  is  high  in  the  present 
film,  an  accidental  occurrence  of  a  2-4-8  phase  under  one  of  these 
steps  is  a  likely  event  without  having  special  reasons  of  polytype 
formation  at  interface  steps.  Here,  the  micrograph  (Fig. 4) 
indicates  a  possibility  that  these  (001)  interfacial  atomic  steps 
at  the  Au/YBCO  Interfaces  have  halted  the  migration  of  these 
translational  boundaries  in  the  YBCO  films.  These  (001)  steps  have 
step  heights  not  multiples  of  the  [001]  lattice  parameter  of  YBCO 
but  rather  the  multiples  of  the  one  third  of  the  [001]  lattice 
pareuneter  of  YBCO.  Most  of  the  time,  clean  steps  were  observed,  as 
in  Figs.  2  and  3,  which  agrees  with  the  observation^^  of  the 
Ag/YBCO  and  Au/YBCO  interfaces  where  integral  (001)  steps  were 
observed  without  2-4-8  phase. 
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It  is  Important  to  notice  that  when  parts  of  the  YBCO  surface 
were  exposed  to  air  or  vacuum  after  the  Au  over-layer  was  partly 
milled  away  as  sho%m  In  Fig.  5,  the  (001)  lattice  fringes  of  the 
YBCO  stop  at  about  10  nm  awa^  ne  surface.  Presumably,  there 
exists  an  amorphous  layer  right  under  the  surface  (denoted  as 
region  A  In  Fig. 5).  However,  \mder  the  remaining  gold  layer,  the 
(001)  lattice  fringes  of  YBCO  again  terminate  abruptly  at  the 
Au/YBCO  interface  (denoted  as  region  B) .  This  Indicates  that  gold 
is  a  good  surface  passivation  for  the  underlying  YBCO  film, 
preventing  reactions  and  amorphorization. 

The  well-bonded  Interfaces  between  the  overgrown  gold  film  and 
the  underlying  epitaxial  YBCO  film,  together  with  the  fact  that  the 
interface  always  appears  free  of  extraneous  phases,  which  support 
the  general  view  that  Au  is  a  desirable  contact  material  to  the 
YBCO  film  for  various  applications  requiring  low  contact 
resistance^^ ,  as  well  as  a  dependable  surface  passivation 
layer  for  YBCO.  Our  results  give  clues  of  the  other  possible  good 
interfaces  between  Au/other  superconducting  cuprates  as  well  as 
Ag/YBCO  because  of  the  iso-electric  similarity  between  Au  and  Ag, 
and  among  the  superconducting  cuprates.  From  the  present  results 
and  earlier  observations^^ basal  plane  faceting  is  frequently 
observed  at  the  interfaces  of  superconducting  cuprates  with  silver 
and  gold. 


Conclusions 
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We  have  investigated  the  structure  of  the  interfaces  in  tern 
of  the  presence  of  extraneous  phases,  degree  of  coherency,  and 
interface  step  content  across  the  interfaces.  Our  present 
microstructural  results  agree  with  our  earlier  studies  of  the  Au 
/YBCO  interfacial  properties  using  X-ray  photoelectron 
spectroscopy,  and  temperature  dependent  contact  resistant 
measurements^ . 
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Figure  Captions 

1.  Low  magnification  transmission  electron  micrograph  showing  (i) 
the  (001)  LaAlOj  substrate,  (ii)  the  epitaxial  YBCO  film  of 
(001)  orientation  with  130  nm  in  thickness  as  well  as  (iil) 
the  overlying,  polycrystalline  gold  film  of  85  nm  in 
thickness.  Note  the  20  nm  alloyed  layer  underneath  the  YBCO 
film  in  LaiA103.  The  insert  is  an  electron  diffraction  pattern 
from  the  area  (  see  text  more  detail) . 

2.  High  Resolution  Electron  Micrograph  of  the  YBCO/Au  interface 
showing  5  integral  steps,  each  of  a  height  corresponding  to 
[001]y3(2q  at  the  interface  (left  side)  and  a  large  portion  of 
an  interface  parallel  to  the  (001)  plane  of  YBCO  (right  side). 

3.  High  Resolution  Electron  Micrograph  of  the  YBCO/Au  Interface 
showing  Integral  [OOllyg^^  steps  at  the  interface  and  the  local 
roughness  of  the  interface  (i.e.  not  end-on)  affecting  the 
observation  of  the  Interface. 

4.  High  Resolution  Electron  Micrograph  of  the  YBCO/Au  interface 
showing  non- integral  [001]ybco  interfacial  steps  where  the 
translational  boundaries  in  YBCO  terminated. 

5.  Part  of  the  YBCO  surface  exposed  to  air/vacuvun  after  the  Au 
over-layer  was  milled  away.  Region  A:  missing  lattice  fringes 
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of  the  (001)  planes  under  the  YBCO  surfaces  where  the  gold  had 
been  milled  away.  Region  B:  the  (001)  lattice  planes  of  YBCO 
ended  at  the  interface  with  the  gold  over-layer. 
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The  critical  current  density  (/,)  of  two  epitaxial  thin  films  of  Y|Ba2Cu307_j  has  been  measured 
as  a  function  of  temperature  in  magnetic  fields  up  to  27  T.  A  detailed  study  of  one  of  the  films 
shows  that  when  the  transport  current  is  in  the  a-b  plane  and  the  magnetic  field  is  orthogonal  to 
the  c  axis,  the  functional  form  of  is  consistent  with  both  a  polynomial  (flux  pinning) 
description  and  an  exponential  (pair  breaking)  description.  In  contrast,  when  the  current  ism 
the  a-b  plane  and  the  applied  field  is  parallel  to  the  c  axis  of  the  film,  is  unambiguously 
exponential  of  the  form  Jc=a(T)txp\_—P(fl/0{T)'\.  These  results  explain  why  there  me 
conflicting  suggestions  in  the  literature  as  to  the  mechanism  that  determines  in  high  magaedc 
fields  in  thin  films  for  JLHic  axis  and  provide  evidence  that  pair  breaking  operates  for  71  B%e 
axis.  However,  the  standard  phenomenological  superconductor-normal-superconductor  junctxm 
model  derived  in  the  clean  limit  for  the  normal  metal  cannot  describe  this  pair-breakiag 
mechanism. 


I.  INTRODUCTION 

Many  authors  have  reported  large  critical  current  den¬ 
sities  in  epitaxial  Y,Ba2Cui07_^  thin  films.'"*  Two  dis¬ 
tinctly  different  mechanisms  have  been  proposed  to  explain 
the  magnetic  field  dependence,  temperature  dependence 
and  anisotropy  of  a  flux  pinning  mechanism^"*  and  a 
pair-breaking  mechanism.’’ This  lack  of  agreement  pre¬ 
cludes  us  from  identifying  the  best  route  for  optimising  the 
fabrication  of  thin  films  For  example,  in  principle,  in  order 
to  increase  7,:  if  a  flux  pinning  mechanism  is  operating,  we 
must  add  pinning  sites;  if  pair  breaking  operates,  we  must 
identify  the  regions  where  pair  breaking  is  occurring  and 
remove  them. 

We  have  measured  the  critical  current  density  in  very 
high  magnetic  fields  up  to  27  T  from  4.2  K  up  to  of  two 
epitaxial  thin  films  of  Y|Ba2Cu307_5  deposited  on  single 
crystal  ((X)l)  SrTi03  substrates.  By  obtaining  measure¬ 
ments  of  Jf  over  a  wide  temperature  range  in  magnetic 
fields  up  to  27  T,  we  clarify  why  there  are  conflicting  sug¬ 
gestions  as  to  the  mechanism  limiting  7,  in  high  magnetic 
fields  and  address  whether  a  flux  pinning  mechanism  or  a 
pair-breaking  mechanism  operates. 

II.  SAMPLE  PREPARATION 

The  two  epitaxial  thin  films  were  prepared  by  the  co¬ 
evaporation  of  Y,  BaF,  and  Cu  from  three  separate  sources 
onto  the  (001)  surface  of  a  single  crystal  of  SrTiOj."  The 
barium  fluoride  and  the  yttrium  were  evaporated  using 
electron-beam  guns  while  the  copper  was  evaporated  using 
a  resistively  heated  source.  The  films  were  subsequently 
annealed  at  8S0  *C  in  flowing  oxygen  to  form  the 
YiBa2Cu307_5  phase. 

A  detailed  transmission  electron  microscopy  study  of 


strated  that  these  films  are  strongly  temred.  The  majority 
of  the  film  is  oriented  with  the  c  axis  of  the  orthorhombic 
structure  orthogonal  to  the  film  suifree  and  the  a  axis 
parallel  to  either  the  (1(X))  or  (010)  directions  of  the 
SrTi03.  However  there  is  a  threefold  degesterate  epitaxy  of 
the  Y|Ba2Cu307_{  on  the  SrTi03  subsuate.  Hence  grains 
having  typical  dimensions  of  4  p,mx20  pm  with  their  c 
axis  parallel  to  either  (ICX))  or  (010)  directions  of  the 
SrTi03  are  also  present."’'^  These  grains  occupy  less  than 
5%  of  the  area  of  the  film. 

Both  films  were  patterned  using  laser  ablation.  The 
thickness  of  each  film  was  determined  using  Rutherford 


backscattering.  On  the  first  film  which  was  1  ^m  thick,  two 
bridges  were  patterned  [A  and  B).  The  second  film  was 
0.25  pm  thick  and  had  a  single  bridge  (C)  patterned  onto 
it.  Table  I  lists  the  dimensions  of  these  bridges  as  well  as 
the  configuration  of  7,  //,  and  the  c-axis  of  the  film  for  the 
data  presented  in  this  article. 

111.  EXPERIMENTAL  DETAILS 
A.  Critical  current  density  measurements 

We  performed  standard  four  termiaal  resistive  and  7, 


measurements  using  a  variable  temperature  insert.”  Elec¬ 
trical  contact  was  made  via  gold  pads  which  were  evapo¬ 
rated  onto  the  film.'*  Zero  resistivity  ibr  these  films  was 
obtained  at  about  87  K. 

The  critical  current  measurements  were  made  using  a 
variable  temperature  insert.  In  zero  magnetic  field  the  tem¬ 


perature  was  fixed  at  that  required  using  a  heater  and  a  ^ 
calibrated  carbon  glass  thermometer.  A  field-independent 
strontium  titanate  thermometer  was  tiw  used  in  closed 
loop  with  the  heater  to  keep  the  temperature  constant  , 


the  microstructure  of  similar  films  to  these  has  demon-  while  measuring  the  voltage-current  characteristic  in  hi^^|^ 
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TABLE  I.  Dimensions  of  the  bridges  and  the  configurations  of  7.  H,  and 
eaxis  for  the  data  in  Figs.  1-1 1  (Jlc  for  all  bridges). 


Bridge 

Dimensions/ 

pm 

( length 

X  width) 

Thickness/ 

Film 

Figure 

Orientation  of 

7,  H,  and 
c  axis 

A 

15x5 

1.00 

1 

1 

//if.  HU 

5 

Hlc.  H\\J.  and  HU 

6 

Hlc.  HU 

8 

Hlc,  HU 

B 

60x20 

1.00 

1 

2 

Hlc.  HU 

9 

Hlc.  HU 

C 

45x15 

0.25 

2 

3 

Hlc.  HU 

4 

H\\c 

7 

H\\c 

10 

H\\c  and  Hlc.  HU 

11 

H\\c  and  Hlc.  HU 

magnetic  fields.  The  uncertainty  in  temperature  for  these 
data  is  about  4%. 

In  Figs.  1  and  2  the  critical  current  density  as  a  func¬ 
tion  of  field  and  temperature  is  presented  for  each  of  the 
bridges  on  film  1.  The  smooth  curves  shown  at  each  tem¬ 
perature  serve  as  aids  to  the  eye.  In  both  figures  the  data 
were  obtained  when  the  magnetic  field  and  the  current  flow 
direction  were  in  the  plane  of  the  film.  The  transport  cur¬ 
rent  was  orthogonal  to  the  applied  field  (i.e.,  71  Hie  axis) 
hence  there  was  a  net  Lorentz  force.  The  voltage  criterion 
used  to  define  7,  was  1  \iS.  This  criterion  was  chosen  at  a 
value  sufficiently  low  to  avoid  any  problems  due  to  sample 
heating  and  yet  obtain  good  signal  to  noise. 

In  Fig.  1  above  40  K,  there  are  two  distinct  regimes  in 
the  7f  vs  H  curve  at  each  temperature.  Over  the  interme¬ 
diate  magnetic  field  range  gradually  and  smoothly  de¬ 
creases  as  the  magnetic  field  increases.  Eventually  there  is 
a  pronounced  steep  decrease  in  7^  at  the  highest  field  level. 
It  should  be  noted  that  when  is  less  than  1  mA,  the 
sample  is  resistive.  Hence  the  drop  in  7^  at  the  highest 
magnetic  field  level  would  be  steeper  and  the  cross-over 
from  one  regime  to  the  other  even  more  pronounced  were 


7f  defined  at  a  lower  voltage  criterion.  At  40  K  and  below, 
since  the  data  is  restricted  to  magnetic  fields  up  to  20  T,  we 
can  only  access  the  intermediate  magnetic  field  regime. 
The  7f  data  in  Fig.  2  has  a  similar  magnetic  field  depen¬ 
dence  at  each  temperature  to  that  in  Fig.  1.  However  the 
magnitude  of  7^  in  bridge  B  is  about  a  factor  of  three 
smaller  at  low  temperatures  and  an  order  of  magnitude 
smaller  at  higher  temperatures. 

The  critical  current  density  of  bridge  C  (film  2)  as  a 
function  of  field  and  temperature  is  presemed  in  Figs.  3 
and  4.  The  data  in  Fig.  3  were  obtained  with  the  same 
configuration  of  magnetic  field  and  current  flow  used  to 
obtain  the  data  in  Figs.  1  and  2.  However  in  Fig.  4,  al¬ 
though  7  remains  in  the  a-b  plane  the  applied  field  is  or¬ 
thogonal  to  the  face  of  the  film  (i.e.,  H\\c  axis).  7^.  is  defined 
at  a  criterion  of  1  /iV.  The  error  bars  in  these  figures  de¬ 
scribe  the  change  in  7^  when  the  voltage  criterion  is 
changed.  The  upper  bound  of  the  error  bar  is  the  7^  value 
when  the  voltage  criterion  is  2  (iV.  The  lower  bound  is  the 
Jf.  value  found  by  a  linear  extrapolation  through  2  juV  and 
1  /zV  to  zero  //V. 

Although  the  data  in  Fig.  3  are  only  obtained  in  mag¬ 
netic  fields  up  to  14  T,  they  show  a  similar  functional  form 
to  the  data  in  Figs.  1  and  2  over  the  same  field  and  tem¬ 
perature  range.  The  similarity  in  the  field  and  temperature 
dependence  of  the  critical  current  density  is  consistent  with 
the  nominally  identical  fabrication  procedure  for  the  two 
films.  We  expect  that  the  difference  in  the  magnitudes  of  7c 
that  does  occur  is  primarily  due  to  small  compositional 
differences  between  the  three  bridges  although  we  have  not 
completed  a  detailed  systematic  study  of  the  composition 
of  these  films. 

In  Fig.  4  where  the  film  is  oriented  such  that  H\\c  axis, 
there  is  a  markedly  different  functional  form  for  the  field 
dependence  of  at  each  temperature  to  that  found  in  the 
previous  figures.  In  Figs.  1,  2,  and  3  over  the  intermediate 
magnetic  field  range,  there  is  only  a  small  change  in  7,  at 
each  temperature  (typically  less  than  half  a  decade).  How¬ 
ever  in  Fig.  4,  the  decrease  in  7^  as  the  magnetic  field 
increases  is  much  larger.  For  example,  at  20  K,  7j  de- 
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FtC.  I.  The  criiieil  cuirent  density  defined  at  I  /iV  ns  a  Tunction  of  field 
and  temperature  for  bridge  A  on  film  1. 7  u  onhogonal  to  the  c  ajiis.  The 
applied  field  is  onhogonal  to  both  7  and  the  c  axis. 


FIG.  2.  The  critical  current  density  defined  at  I  pV  as  a  function  of 
magnetic  field  and  temperature  for  bridge  0  7  is  orthogonal  to  the  c  axis. 
The  applied  field  is  onhogonal  to  both  7  and  the  e  axis. 
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FIG.  3.  The  critical  current  density  defined  at  1  as  a  function  of  field 
and  temperature  for  bridge  C.  J  is  orthogonal  to  the  c  axis.  The  applied 
field  is  orthogonal  to  both  J  and  the  e  axis. 

creases  exponentially  over  nearly  four  orders  of  magnitude 
in  applied  magnetic  fields  up  to  27  T. 

B.  Orientation  dependence  of  Je 

In  Fig.  S  the  orientation  dependence  of  is  considered 
for  bridge  A.  was  measured  at  20  and  40  K  in  applied 
fields  up  to  20  T.  In  both  configurations  J  and  H  are  par¬ 
allel  to  the  face  of  the  film.  For  JIH  z.  net  Lorentz  force 
operates,  whereas  there  is  no  net  Lorentz  force  for  J||/f. 
Despite  the  large  difference  in  the  net  Lorentz  force  be¬ 
tween  the  two  configurations,  there  is  less  than  a  factor  of 
two  difference  between  for  the  two  orientations.  A  sim¬ 
ilarly  weak  dependence  on  the  relative  orientation  of  the 
critical  current  density  and  the  magnetic  field  was  found 
over  the  same  field  and  temperature  range  as  that  pre¬ 
sented  in  Fig.  S  for  bridge  B. 

C.  Differential  resistivity 

Much  experimental  and  theoretical  work  has  ad¬ 
dressed  the  dissipative  mechanisms  that  operate  during 
flux  motion  in  superconducting  materials  and  in  particular 
the  differential  resistivity  above  In  Fig.  6  the  differ¬ 
ential  resistivity  calculated  over  the  range  from  1  to  S  axV 
is  presented  as  a  function  of  field  and  temperature  for 


FIG.  4.  The  critical  current  density  defined  as  a  function  of  field  and 
temperanre  for  bridge  C.  7  is  orthogonal  to  the  e  axis  of  the  film.  The 
applied  field  is  parallel  to  the  c  axis. 


FIG.  S.  The  critical  current  density  as  a  function  of  magnetic  field  at  20 
and  40  K  for  y  parallel  (zero  net  Lorentz  force  opeming)  and  orthogonal 
(Lorentz  force  operating)  to  the  applied  field  for  bridge  In  both  con¬ 
figurations  the  applied  field  is  orthogonal  to  the  e  axis  of  the  film. 

bridge  A,  where  71  Hie  axis.  The  trends  found  in  Fig.  6  are 
also  found  for  this  orientation  of  7  and  H  both  for  bridge  B 
and  bridge  C.  In  Fig.  l,pi  is  presented  for  the  second  film 
when  H^c  axis  (i.e.,  calculated  from  the  raw  V-I  traces 
used  to  generate  the  data  in  Fig.  4).  It  should  be  noted  that 
in  Figs.  6  and  7,  p/  is  an  increasing  function  of  magnetic 
field  and  temperature. 

IV.  ANALYSIS  OF  DATA 

A.  Pinning  and  pair  breaking 

In  the  analysis  below  we  explicitly  consider  whether 
our  data  can  be  used  to  distinguish  between  whether  a 
pinning  or  a  pair-breaking  mechanism  has  determined  7j. 

When  the  volume  pinning  force  {Ff—J^xB)  is  of  the 
Fietz-Webb  separable  variable  form’®  given  by 

fp^rB"nmf{b) 

[where  y  is  determined  solely  by  the  physical  properties  of 
the  film,  BeziT)  is  the  upper  critical  field,  and  f{b)  is  a 
function  only  of  the  reduced  magnetic  field  b=B/Bci{  T)]. 
this  dependence  provides  evidence  that  a  flux  pinning 
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FIG.  6.  The  differential  resistivity  defined  over  the  range  from  I  to  IOf<V 
as  a  function  of  magnetic  field  and  temperature  for  bridge  A.  J  is  orthog¬ 
onal  to  the  c  axis.  The  applied  field  is  orthogonal  to  both  J  and  the  c  axtf. 
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FIG.  8.  The  volume  pinning  force  as  a  function  of  field  wi  temperature 
for  bridge  A  on  film  I.  y  is  orthogonal  to  the  e  axis.  The  applied  field  is 
FIG.  7.  The  difcrential  resistivity  defined  over  the  range  from  1  to  S  fsV  orthogonal  to  both  J  and  the  c  axis, 
as  a  function  of  magnetic  field  and  temperature  for  bridge  C.  /  is  orth^- 
onal  to  the  e  axis.  The  applied  field  is  parallel  to  the  c  axis  of  the  film. 


mechanism  Hmits  J^.  The  volume  pinning  force  of  many 
superconducting  materials  is  described  by  this  scaling  law 
and  the  values  of  y,  n,  and  the  functional  form  of  f{b)  are 
used  to  identify  which  pinning  mechanism  is  operat¬ 
ing. 

Alternatively  we  can  consider  the  role  of  the  proximity 
effect  where  the  critical  current  density  is  determined  by 
pair-breaking  perturbations  (e.g.,  magnetic  impurities,  re¬ 
gions  of  low  Tf).  The  work  of  De  Gennes  on  normal/ 
superconducting  boundaries'^  shows  that  the  supercon¬ 
ducting  order  parameter  can  decay  exponentially  in  the 
normal  barrier  such  that  in  a  superconducting/normal 
metal/supeiconducting  junction  for  both  a  dirty  supercon¬ 
ductor  and  a  clean  superconductor  close  to 

J,(  T)  Wo(  1  -  T/T,)^  exp( -KM 

where  /q  is  a  constant,  d„  is  the  thickness  of  the  norma] 
layer  and  is  the  characteristic  decay  length  for  the 
superconducting  order  parameter  in  the  normal  layer. 
Hsiang  and  Finnemore^’  have  extended  this  work  by  in¬ 
cluding  the  magnetic  field  dependence  of  K„  and  shown 
that  when  the  normal  metal  is  in  the  clean  limit: 

J,[B.T)^amexpl-fioHmT)]  (1) 

[where  a{T)  and  P(T)  are  functions  of  temperature 
alone]. 

1.  Hie  JiH 

In  Figs.  8  and  9,  the  volume  pinning  force  is  presented 
as  a  function  of  field  at  temperatures  of  40  K  and  above  for 
the  two  bridges  on  film  1.  In  both  figures,  the  data  show  a 
very  weak  saagnetic  field  dependence  at  each  temperature 
over  the  ,  4ermediate  field  range.  An  important  feature  of 
the  dau  in  Fig.  8  (or  equivalently  Fig.  1)  is  the  marked 
steep  drop  cf  (or  J^)  in  the  highest  magnetic  fields  at 
each  tei^w>'  .  We  can  associate  the  magnetic  field  at 
which  this  tnnsiuon  occurs  as  the  effective  upper  critical 
field  H»ving  explicitly  measured  we 

can  analyze  the  data  in  Fig.  8  within  the  framework  of  the 
Fietz-Wetab  scaling  law.^ 


In  the  standard  Fietz-Webb  analysis,  the  values  for  y 
and  n  are  calculated  by  considering  the  temperature  de¬ 
pendence  of  the  maximum  pinning  force.^*^  This  anal¬ 
ysis  is  not  appropriate  here  for  the  data  shown  in  Fig.  8. 
We  have  taken  Fj,  at  0.5Bc2»(T)  (i.e.,  V)  as  a  value 
characteristic  of  the  intermediate  magnetic  field  range  at 
each  temperature  [where  B^2*{T) )  at  SO,  60l  70,  and  80  K 
are  taken  to  be  4.8,  12,  18,  and  21  T,  respectively].  Above 
40  K,  Fp*  can  be  described  by  a  Fietz-Webb  scaling  law  of 
the  form 

F^^y*Br^2*'^T) 

[where  y*=6.3xl0*  N  m~’  and  n  =  3.8=bl.3}. 

A  weak  magnetic  field  dependence  for  Fp  has  been 
observed  previously  in  YBa2Cu307_4^’  as  well  as  in  the 
low  temperature  superconductor  V,Ga^*  in  which  a  flux 
pinning  mechanism  is  expected  to  operate.  The  tempera¬ 
ture  dependence  of  F^  is  also  similar  to  that  found  in 
V3Ga  where  the  index  n  was  found  to  be  about  3.  In  sum¬ 
mary  we  find  that  the  field  and  temperature  dependence  of 
Jc  for  bridge  A  above  40  K  over  the  intermediate  magnetic 
field  range  can  be  described  within  the  Fietz-Webb  frame¬ 
work.  Since  the  functional  form  of/^  is  similar  in  Figs.  1-3, 


FIG.  9.  The  volume  pinning  force  as  a  function  of  6eld  aad  temperature 
for  bridge  B.  J  is  orthogonal  to  the  c  axis.  The  applied  Sdd  is  orthogonal 
to  both  J  and  the  c  axis. 
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FIG.  10.  a(  D  as  a  function  of  temperature  for  film  2  for  both  the  applied 
field  parallel  to  the  c  axis  (#)  and  the  applied  field  orthogonal  to  the  c 
axis  (□).  The  current  direction  is  along  the  a-b  plane  and  orthogonal  to 
the  field.  [Inset;  a{T)  vtT  for  H\\e  axis.  The  curve  drawn  through  the 
dau  points  is  given  by  a(  D  -5.2X  itf  ( 1  - ( r/75)'.l 


it  is  clear  that  the  data  in  Figs.  2  and  3  can  also  be  de¬ 
scribed  within  the  framework  of  the  Fietz-Webb  analysis. 

Alternatively,  we  can  consider  whether  a  pair-breaking 
mechanism  is  consistent  with  the  data  in  Figs.  1,  2,  and  3. 
A  preliminary  inspection  of  the  data  in  these  log-linear 
figures  shows  that  over  most  of  the  magnetic  field  range, 
can  be  described  reasonably  well  by  an  exponential  of  the 
form  given  in  Eq.  (1 ). 

In  summary  for  /fic,  above  40  K  over  the  intermediate 
magnetic  field  range,  the  functional  form  of  in  these 
films  is  consistent  with  both  a  Fietz-Webb  flux  pinning 
description  and  an  exponential  pair-breaking  description. 


2.  Mile  axis,  JiH 

From  Fig.  4  where  /f||c  axis,  it  is  clear  that  can  be 
expressed  in  the  form 

4=a(r)exp[-/iotf/^(r)]. 

Since  is  exponential  over  nearly  four  orders  of  mag¬ 
nitude  at  fixed  temperature,  we  rule  out  an  equivalent  sim¬ 
ple  polynomial  to  describe  the  functional  form  of  in  this 
orientation.  Hence  unlike  the  data  in  Figs.  1, 2,  and  3,  the 
functional  form  of  7,  in  Fig.  4  is  not  consistent  with  the 
standard  flux  pinning  law. 

In  Figs.  10  and  11,  the  functional  form  of  a(.T)  and 
Pi  T)  are  presented.  From  the  insets  of  Figs.  10  and  1 1,  we 
find  a(r) =5.2X  10*  [1  -  ( 7775)^]  A  cm"^  and  for  r> 20 
K,  P[T)  =  1.25 X 10*  T“*.  It  is  of  note  that  a  decrease  in 
Pi  T)  as  the  temperature  increases  has  been  observed  quite 
generally.’'”’*** 

Many  authors  have  suggested  that  the  pair-breaking 
mechanism  is  a  S-N~S  junction  behavior.’’ '**  We  now  con¬ 
sider  whether  a  simple  S-N-S  model  that  assumes  a  normal 
barrier  orthogonal  to  the  a-b  plane  can  describe  the  pair¬ 
breaking  mechanism.  In  the  standard  S-N-S  model**: 


PiT}=1i/ilVUld), 
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FIG.  II.  $(T)  as  a  function  of  temperature  for  ileapplied  field  parallel 
to  the  c  axis  (•)  and  the  applied  field  orthogonaiw  the  c  axis  (□).  The 
current  direction  is  along  the  a-b  plane  and  orthogmei  to  the  field.  (InseU 
PIT)-' vs  7-' formic.] 


where  ih  is  Planck’s  constant),c  is  the  electronic 

charge,  /  is  the  electron  scattering  len^  in  the  normal 
barrier,  and  d  is  the  width  of  the  barrier.  In  S-N-S  junc¬ 
tions  fabricated  with  low  temperature  soperconductors,  be¬ 
low  Tf  where  /  is  independent  of  temptrature,  PiT)  is 
independent  of  temperature  in  agreemeawith  Eq.  (2).  At 
the  higher  temperatures  investigated  in  this  work,  it  is  rea¬ 
sonable  to  allow  the  possibility  that  since  i  may  decrease, 
PiT)  may  increase  as  the  temperature  iacreases.  However 
we  have  found  quite  the  opposite  tcmpeoture  dependence, 
namely  that  Pi  T)  decreases  as  the  temperature  increases. 
In  conclusion  although  the  exponential  tectional  form  of 
7;  suggests  a  pair-breaking  mechanism  Sm  H\\c,  within  the 
framework  of  the  standard  S-N-S  model,  normal  barriers 
in  the  clean  limit  that  are  orthogonal  to  the  a-b  plane 
cannot  explain  the  temperature  dependeacc  for  PiT). 

In  Figs.  10  and  1 1,  values  for  a(  T)  and  Pi  T)  are  also 
presented  that  have  been  calculated  using  the  data  in  Fig. 
3  where  Hlc  axis.  We  find  again  that  PiT)  decreases  as  the 
temperature  increases.  Hence  given  that  we  cannot  distin¬ 
guish  whether  a  flux  pinning  mechanism  or  a  pair-breaking 
mechanism  operates  in  this  orientation,  in  the  event  that 
the  mechanism  is  pair  breaking,  the  simple  phenomenolog¬ 
ical  S-N-S  model  cannot  describe  the  tea^ierature  depen¬ 
dence  of  these  data. 


B.  Differential  resistivity 

Theoretical  calculations  that  consider  the  synchronous 
motion  of  the  entire  flux-line  lattice  across  an  isotropic 
superconductor  predict  that  p/  should  he  proportional  to 
the  applied  magnetic  field  and  hence  ioKrcept  at  the  ori¬ 
gin.'*’*^’*'  Physically  this  proportionality  can  be  associated 


with  dissipation  occurring  throughout  the  entire  flux-line 
lattice.  In  contrast  in  a  granular  system  where  dissipation 
occurs  at  the  barriers,  we  expect  a  nonzero  intercept  for  pt 
at  M=0.**'**  Hence  in  principle,  we  can  nse  pf  to  investi¬ 
gate  the  nature  of  any  granularity  in  films. 

Unfortunately  the  data  in  Figs.  6  and  7  are  not  con¬ 
clusive  in  determining  whether  granularity  plays  a  signifi- 
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cant  role  in  these  films.  The  increase  in  p/  for  increasing 
magnetic  field  or  temperature  is  similar  to  that  found  in  the 
low  temperature  superconductors  NbTi,'*  Nb3Sn,^  and 
V]Ga^‘  (Le.,  nongranular  materials).  In  addition,  at  each 
temperature  over  much  of  the  intermediate  field  range  the 
data  are  consistent  with  p/  being  proportional  to  the  ap¬ 
plied  magneoc  field.  This  proportionality  can  be  inter¬ 
preted  as  implying  that  at  criticality  (i.e.,  /=/,),  flux  is 
moving  throoghout  the  entire  film.  However,  the  solid  lines 
in  Fig.  6  provided  as  a  guide  to  the  eye  demonstrate  that 
these  diflereaiial  resistivity  data  are  not  sufficiently  detailed 
to  rule  out  alarge  nonzero  intercept  value  for  p/(/f=0).  In 
order  to  use  p/  as  a  diagnostic  to  identify  granularity,  we 
need  a  better  theoretical  understanding  of  this  parameter 
and  detailed  accurate  data  in  the  experimentally  demand¬ 
ing  high-Jf  region  close  to  H=0. 

C.  OrientatiOQ  dependence 

The  weak  dependence  on  the  relative  orientation  of  the 
macroscopic  current  density  flow  and  the  applied  magnetic 
field  for  Hlc  axis  is  consistent  with  a  large  distribution  in 
the  local  critieal  current  density  throughout  the  sample. 
Both  a  granahr  system  and  a  system  with  a  large  distri¬ 
bution  in  flux  pinning  satisfy  this  description.  The  factor  of 
2  change  in  /(.found  in  Fig.  5  is  more  typical  of  a  granular 
system^^  than  a  nongranular  flux  pinning  system  (for 
which  facton  of  5  are  typical^*).  Nevertheless,  factors 
equal  to  and  less  than  2  have  been  observed  in  systems 
limited  by  flux  pinning.”  Since  the  very  short  coherence 
length^*'”  and  the  nonmetallic  bonding^  in 
Y|Ba3Cu307_4  can  cause  a  broad  distribution  in  the  flux 
pinning  propenies  and/or  granularity  in  these  films,  the 
weak  orientadon  dependence  of  /^  cannot  be  used  to  dis¬ 
tinguish  a  system  limited  by  flux  pinning  from  one  limited 
by  pair  breakag. 

V.  DISCUSSION 

A  nuraSierof  authors  have  described  data  within  the 
Fietz-Webb  pinning  framework.  In  general  the  effective 
upper  critical  field  has  been  calculated  by  extrapolating  /^ 
parabolically  to  zero.^'®  For  H\\c  we  have  found  that  this 
extrapolation  procedure  does  not  correctly  describe  /^ — 
since  /^  decreases  exponentially.  Given  that  the  functional 
form  of /( derived  is  not  valid  throughout  the  entire  super¬ 
conducting  pfease,  it  cannot  be  considered  as  evidence  that 
a  flux  pinning  mechanism  limits  Jg. 

The  interpretation  of  data  describing  the  anisotropy  of 
/(  remains  ambiguous.  Some  authors  conclude  that  twin 
boundaries  or  stacking  faults  are  responsible  for  the  func¬ 
tional  form  of/,*’’  whereas  others  suggest  that  the  role  of 
microstructuR  in  their  films  is  negligible.^'  As,  such  the 
effect  of  the  aaicrostructure  on  /,  is  unclear. 

For  in  common  with  other  authors,  we  have 
found  that  drops  to  zero  at  an  effective  upper  critical 
field  T)  ihat  is  well  below  the  accepted  values  for  the 
thermodynaamc  upper  critical  field.*’’*^  A  distribution  in 
the  fundaoseaul  parameters'®’****  flux-line  lattice  melt¬ 
ing,**  and  depmning*’’**  have  all  been  suggested  as  mech- 
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anisms  to  describe  5,2* ( T)  (or  equivalently  the  irrevers¬ 
ibility  line).  The  discrepancy  between  T)  and  5,2* ( T) 
(which  is  not  significant  in  the  low  temperature  supercon¬ 
ductors)  remains  a  stumbling  block  in  our  undersunding 
of/,  in  high  temperature  superconductors.  Theoretical  de¬ 
scriptions  of  pinning  which  include  intrinsic  pinning,  col¬ 
lective  pinning,  thermal  activation  and  the  anisotropy  of 
these  materials  are  being  developed.*^*®  Nevertheless, 
there  is  no  consensus  as  to  the  best  framework  within 
which  to  consider  /,  data. 

The  simple  phenomenological  model  for  a  S-N-S  bar¬ 
rier  does  not  describe  the  magnetic  field  and  temperature 
dependence  of  AT, — or  equivalently  the  temperature  depen¬ 
dence  of  T) — found  experimentally  for  /f||c.  However 
the  exponential  magnetic  field  dependence  of  /,  provides 
evidence  that  the  proximity  effect  plays  an  important  role 
and  hence  depairing  is  the  mechanism  limiting  /,  in  this 
orienution.  Until  the  location  and  nature  of  the  regions  of 
pair  breaking  are  identified  we  cannot  have  a  detailed  the¬ 
oretical  understanding  of  K„. 

Direct  observation  of  the  flux-line  lattice  and  theoret¬ 
ical  modeling  of  these  strongly  anisotropic  (or  two  dimen¬ 
sional)  materials  demonstrate  that  high  T,  superconduct¬ 
ors  are  quite  different  from  the  conventional  metallic 
superconductors.®*"®’  The  coherence  length  (|)  for  /f||c  is 
about  a  factor  of  5  larger  than  when  /fic.®*  This  anisotropy 
in  I  means  that  the  properties  of  any  region  in  the  film 
depend  on  the  orientation  of  /,  H,  and  the  c  axis.  For 
example  a  strong  pinning  center  for  H\\c  may  be  a  region  of 
weak  pinning  Hlc.  Hence  although  for  /f||c  and  Hlc  (Figs. 
3  and  4)  the  current  flows  in  the  a-b  plane,  we  leave  open 
the  possibility  that  either  a  pinning  or  a  pair-breaking 
mechanism  operates  when  Hlc. 

Historically,  the  compelling  experimental  evidence 
that  identified  the  mechanism  limiting  /,  in  metallic/ 
intermetallic  superconductors  was  provided  by  correlating 
physical  properties  with  the  magnitude  of  /,.  In  systems 
limited  by  flux  pinning;  decoration  measurements  showed 
that  fluxons  were  preferentially  located  on  pinning  cen- 
tcrs®*’*°;  electrical  transport  measurements  demonstrated 
that  /,  increased  as  the  density  of  flux  pinning  centers 
increased.*'’*®  In  granular  systems,  it  was  shown  that  the 
electromagnetic  properties  were  determined  by  the  proper¬ 
ties  of  the  barrier.®*  We  can  expect  to  advance  our  under¬ 
standing  of  the  mechanism  limiting  /,  in  epitaxial  thin 
films  of  high  temperature  superconductor,  when  we  can 
correlate  the  electromagnetic  properties  with  the  physical 
properties. 

VI.  CONCLUDING  COMMENTS 

We  have  measured  /,  as  a  function  of  magnetic  field 
and  temperature  on  two  different  films.  In  these  films  for 
Hie  we  have  found  that  the  magnetic  field  and  temperature 
dependence  is  consistent  with  both  a  flux  pinning  mecha¬ 
nism  and  a  pair  breaking  mechanism.  In  spite  of  taking 
data  in  magnetic  fields  up  to  we  cannot  distin¬ 

guish  which  of  these  mechanisms  operates  in  this  orienta¬ 
tion.  In  contrast,  by  extending  measurements  of  /,  to  very 
high  magnetic  fields  ( ~27  T)  in  one  of  the  films,  for  H\\c 
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axis,  we  have  found  that  7,  is  unambiguously  exponential 
of  the  form  y,=a(r)exp{— This  exponential 
dependence  implies  that  7,  is  not  determined  by  a  standard 
flux  pinning  mechanism  but  is  instead  limited  by  a  pair¬ 
breaking  mechanism.  The  standard  phenomenological  S- 
NS  junction  description  is  inconsistent  with  the  tempera¬ 
ture  dependence  of  this  pair-breaking  mechanism. 
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Spinel  and  garnet  single  crystals  of  low  dielectric  constants  and  loss  tangents  have  been 
investigated  as  possible  substrate  materials  for  the  growth  of  the  Y-Ba-Cu-O  superconducting 
films.  In  addition  to  their  desirable  dielectric  properties,  these  materials  are  chemically 
compatible  with  silicon  and  compound  semiconductors  and  can  be  used  as  the  interface 
materials  for  the  integration  of  cuprate  superconducting  films  with  semiconducting  devices.  The 
Y-Ba-Cu-O  films  grown  on  (001)  MgAl204  and  (001)  Y3AI5O12  from  a  co-evaporation 
deposition  with  a  subsequent  wet  anneal  exhibit  superconductivity  with  a  transition  temperature 
Tc(.R=0)  of  57  and  74  K,  respectively,  while  strongly  (001)  textured  YBa2Cu307_^  films  from 
the  in  situ  laser  deposition  grown  on  (001)  MgA)204  and  (001)  Y3AljO,2  show 
superconducting  transition  temperatures  T^(R=0)  of  77  and  87  K,  respectively.  Our  work 
demonstrates  that  these  two  materials  are  viable  substrates  for  the  Y-Ba-Cu-O  thin  films  in  high 
frequency  device  applications. 


High  temperature  superconducting  (HTSC)  thin  films 
because  of  their  low  surface  resistance  will  undoubtedly  be 
applied  in  high  frequency  devices  operating  at  microwave, 
radio,  and  mm-wave  frequencies,'  but  such  applications 
will  need  substrate  materials  of  low  dielectric  constants 
(  <  20)  and  low  loss  tangents  (  <  10“^).  The  breakthrough 
of  making  high  quality  HTSC  films  was  originated  from 
the  ingenious  choice  of  using  strontium  titanate  (SrTi03) 
as  the  substrate  material  to  provide  chemical  compatibility 
and  good  lattice  matching  to  the  superconducting  cuprate.^ 
However,  strontium  titanate  (SrTi03)  has  too  high  a  di¬ 
electric  constant  (ISO)  and  a  loss  tangent  to  be  useful  as 
substrates  for  HTSC  films  in  high  frequency  applications. 
The  search  for  other  perovskite  substrates  of  low  dielectric 
constants  and  small  loss  tangent  has  led  to  the  investiga¬ 
tion  of  substrate  materials^  such  as  LaAl03  and  LaGa03. 
However,  these  perovskites  can  form  surface  corrugations 
from  twinning,  and  thereby  limit  the  superconducting 
properties  of  HTSC  films  grown  on  them.  Other  perovs- 
kites^  have  met  limited  success  because  large  and  low 
dielectric-loss  crystals  are  few  due  to  high  growth  temper¬ 
atures  and  difficulties  in  controlling  stoichiometry. 

When  the  high  frequency  capability  of  HTSC  is  com¬ 
bined  with  semiconducting  devices  that  operate  at  GHz 
frequencies,  a  new  class  of  devices  will  appear.  Further¬ 
more,  there  exists  for  the  first  time  a  temperature  range 
within  which  both  semiconductors  and  superconductors 
can  operate.  Between  60  and  80  K,  semiconductors  will 
have  sufficient  non-freezed-out  carriers  with  reasonable 
mobilities  and  the  cuprate  superconductors  will  supercon¬ 
duct.  Undoubtedly,  novel  devices  that  combine  semicon¬ 
ducting  and  superconducting  materials  will  impact  micro¬ 
electronics  when  the  integration  of  existing  semiconducting 
circuits  with  superconducting  thin  films  is  proven  to  be 
viable.  Successful  integration  of  HTSC  films  on  silicon, 
III-V  and  II-VI  compound  semiconductors  require  mate¬ 
rial  compatibilty.  Spinels  and  garnets  are  of  interest  as  the 


interfacing  materials  because  they  have  been  demonstrated 
to  be  chemically  and  structurally  compatible  with  silicon 
and  compound  semiconductors.  For  example,  epitaxial  sil¬ 
icon  was  grown  on  aluminum  spinel  (MgAl204)*  and 
Gao  47lno  53As-InP  multilayer  quantum  wells  were  grown 
on  (001)  gadolinium  gallium  garnet  (GGG).*"  Besides, 
there  are  many  spinels  and  garnets  of  low  dielectric  con¬ 
stants  (  <20)  and  of  low  loss  tangents  (  <  10“^),  which 
are  important  for  high  frequency  applications.  Unlike  some 
perovskites,  most  of  the  spinels  and  garnets  do  not  form 
surface  corrugations  from  twinning  and  structural  phase 
transformation.  There  are  also  wide  spectra  of  lattice  pa¬ 
rameters  to  choose  from,  in  the  families  of  spinels  and 
garnets  for  the  least  lattice  mismatch  with  superconductinc 
cuprates.  When  they  do  melt  congruently  and  below 
2000  °C,  high  quality  crystals  can  be  grown  by  the  Czo- 
chralski  (CZ)  method  for  large  substrate  applications.  Mi- 
ura  et  al?  used  SrTi03/MgAl204  as  a  double  buffer  Ia>er 
between  Si  and  YBCO  films,  while  Bansal  et  ai*  used 
MgAl204  as  substrates  for  screen  printed  thick  films.  Both 
groups  showed  encouraging  results.  Here,  we  use  the  mag¬ 
nesium  spinel  MgAl204  and  yttrium  aluminum  garnet 
(YAG)  Y3AI5O12  to  explore  the  feasibility  of  using  them 
as  substrate  materials  for  HTSC  thin  films. 

Two  methods  are  used  to  deposit  the  Y-Ba-Cu-O  films 
in  order  to  evaluate  the  process  compatibility  of  the  sub¬ 
strates.  The  first  method,  the  co-evaporation  process,  de¬ 
scribed  in  detail  elsewhere,’  is  used  to  grow  thin  films  ol 
Y-Ba-Cu-O  onto  (001)  MgAl204  and  (001)  Y,A1,0.; 
with  no  buffer  layer.  Previously,  this  deposition  process  has 
yielded  robust  YBa2Cu307_j(  (YBCO)  films  on  SrTiO 
substrates  with  some  of  the  highest  critical  current  sal- 
ues.'°  In  summary,  these  films  arc  prepared  by  the  co¬ 
evaporation  of  Y,  BaF2,  and  Cu  on  a  substrate  held  at 
room  temperature.  Since  the  distance  between  sources  and 
the  substrates  is  450  mm,  films  from  the  same  run  are  of 
the  same  composition.  The  background  pressure  i' 
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2X  10~*  Torr  and  oxygen  is  introduced  with  a  resulting 
pressure  of  3x  10“’  Torr  during  deposition.  The  use  of 
BaF2  as  barium  source  provides  nonhygroscopic  as- 
deposited  films.  However,  annealing  is  necessary  for  the 
removal  of  fluorine  and  the  conversion  of  the  as-deposited 
amorphous  materials  into  the  superconducting  phase  (s).^ 
Subsequent  annealing  is  performed  on  the  as-deposited 
films  both  at  the  standard  annealing  temperature  of  830  *C 
and  at  800  *C. 

The  second  film  deposition  method  is  an  in  situ  laser 
deposition  process.  The  operating  condition  includes  a  sub¬ 
strate  temperature  of  740  *C,  a  pressure  of  back-filled  mo¬ 
lecular  oxygen  at  200  mTorr  with  a  background  vacuum  at 
10~®  Torr.  The  energy  density  of  the  excimer  laser  beam 
(248  mm)  is  about  1.3  J/cm^  per  shot  and  the  deposition 
rate  is  about  0.03  nm/shot.  A  stoichiometric  YBa2Cj07_j, 
pellet  is  used  as  the  target  for  the  laser  ablation.  After 
deposition,  the  chamber  is  back  filled  with  0.3  atm  of  ox¬ 
ygen  with  the  initial  cooling  rate  maintained  at  3  *C/min. 

From  the  coevaporation  process,  micron  thick  Y-Ba- 
Cu-O  films  grown  on  (001)  yttrium  garnet  (Y3AIJO12) 
and  (001)  magnesium  spinel  (MgAi204)  exhibit  reason¬ 
able  superconducting  transitions  with  the  complete  transi¬ 
tion  temperatures  being  34  and  73  K,  respectively.  These 
films  are  annealed  at  800  *C  for  30  min.  in  oxygen  with 
PhjO  following  a  standard  annealing  procedure.^ 

Films  from  the  same  deposition  run  but  were  annealed  at 
830  *C  with  Pyip  at  0.02  atm,  exhibit  similar  resistance 
temperature  dependence  except  with  lower  total  transition 
temperatures,  i.e.,  31  and  71  K  for  films  on  MgAl204  and 
Y3AI3O12,  respectively,  possibly  because  the  reaction  be¬ 
tween  films  and  substrates  is  accelerated  at  a  higher  tem¬ 
perature.  As  a  control,  a  film  on  (001 )  SrTi03  from  the 
same  run  and  annealed  at  800  *C  for  30  min  in  oxygen  with 
FhjO  *1 0-7  showed  a  total  transition  temperature  of  79 
K,  while  another  control  film  annealed  at  the  standard 
temperature  of  850  "C  with  PhjO  at  0.02  atm  shows  a  total 
transition  temperature  of  85  K.  Therefore,  the  conversion 
of  the  as-deposited  amorphous  materials  to  superconduct¬ 
ing  Y-Ba-Cu-O  is  more  complete  at  830  °C  while  at  this 
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FIG.  I.  Resistance-temperature  dependence  for  the  YBajCuiO^.,  films 
deposited  on  (a)  (001 )  YjAljO,2  and  (b)  (001 )  MgAljO^  by  the  in  situ 
laser  deposition  process. 
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FIG.  2.  20  scans  from  x-ray  dilTraction  of  the  YBa2Cu307.„  films  depos¬ 
ited  on  (a)  (001)  YjAIsOi:  and  (b)  (001)  MgAljOt  by  the  laser  depo¬ 
sition.  In  (a)  a  much  lower  incident  x-ray  intensity  is  used  to  scan  20 
from  2S*  to  35’  to  avoid  the  strong  diifracted  beam  from  the  substrate 
overloading  the  detector,  while  in  (b)  the  spinel  substrate  is  slightly 
misaligned  showing  a  small  (004)  spinel  peak.  The  (003),  (005),  ((X)6), 
peaks  of  YBa2Cu]07_j  (004)spinel  and  (004)YAG  peaks  are  labeled. 

higher  temperature  spinel  and  YAG  react  more  with  the 
films  causing  some  degradation  of  the  superconducting 
properties  of  the  resulted  films.  The  stoichiometry  of  these 
particular  as-deposited  films  from  the  same  run  is  Cu  rich 
as  detected  by  Rutherford  backscattering  (RBS)  with 
Y:Ba:Cu  ratios  being  1:2:4  which  can  cause  the  formation 
of  the  Y2Ba4CugOj(  phase  as  well  as  the  YBa2Cu307_, 
phase.  Hence,  we  call  these  films  Y-Ba-Cu-O  films.  Indeed, 
x-ray  diffraction  of  the  films  shows  the  (00£)  peaks  for 
both  phases  of  comparable  intensity  and  small  ( 103)  peaks 
of  the  YBa2Cu307__,  phase  indicating  some  randomly  ori¬ 
entated  grains  in  the  films.  The  lower  transition  tempera¬ 
tures  in  these  films  are  expected  since  Y2Ba4CugO;,  has  a 
lower  transition  temperature  (80  K)  than  that  (90  K)  of 
the  YBa2Cu307_jt.  Besides,  the  transition  of  the  Y-Ba- 
Cu-O  films  on  MgAl204  are  broader  than  those  on 
Y3AI5O17  for  both  800  °C  as  well  as  850 ‘C  anneal,  which 
suggests  that  MgAl204  is  more  reactive  than  Y3AI5O12 
with  the  Y-Ba-Cu-O  films. 

From  the  laser  deposition  process,  YBa2Cu307_, 
(YBCO)  films  of  200  nm  thick  show  an  on-set  transition 
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TABLE  I.  Summary  of  (lie  room  temperature  properties  of  magnesium  spinel,  yttrium  aluminum  garnet,  and  strontium  titanate:  structure,  lattice 
parameters,  dielectric  constants,  maximum  temperature  as  line  compounds  and  melting  temperatures  {TJi).  The  last  four  columns  show 

T^iRmQ)  of  the  deposited  films  from  different  processes,  and  x-ray  reflections  observed  of  the  YBa2Cu307.^  phase  from  the  laser  deposited  films.  Some 
of  the  processing  parameters  are  listed  at  the  bottom  two  rows  of  the  table. 


Substrate  material/ 

T 

TAR 

=0)  of 

r,(R=0)  of 

X-ray 

chemical  formula 

Maximum  temp. 

the  films  from 

the  laser 

reflections 

(all  have 

Lattice 

of  the  line 

Dielectric  constant^ 

the  co-evaporation 

deposited 

of  the  laser 

cubic  unit  cells) 

parameter  (nm)  compound 

at  9.1  GHz 

process  (K) 

films  (K) 

deposited  films 

Magnesium  MgAl20, 

0.8083 

800 'C 

12 

51 

57 

77 

(003),  (005),  (006) 

spinel 

(r„  =  2103*C)* 

YAG  Y,Al50|2 

1.2009 

1970 ‘C* 

10 

71 

74 

87 

(003),  (005),  (006) 

Yttrium 

Aluminum 

Garnet 

Strontium  SrTiOj 

0.3905 

(r„=2000’C)' 

150  (zero  frequency) 

85 

79 

89 

titanate 

Processing 

Annealing/substrate  temp.  (*C) 

850 

800 

740 

parameters 

Partial  pressure  of  H2O  in  atm 

0.02 

0.7 

not  applicable 

•Reference  II. 
^Reference  12. 
•Reference  4. 


temperature  (r<,„)  of  91  K  with  a  total  transition  temper¬ 
ature  Tc(R=0)  of  87  K  when  grown  on  (001)  YAG  and 
an  on-set  at  87  K  with  Tc(.R=0)=77  K  for  the  film  on 
((X)l)  MgAl204  (Fig.  1).  The  normal  resistivities  of  these 
films  are  160  and  490  nil  cm  at  room  temperature.  X-ray 
diffraction  (Fig.  2)  shows  strong  (003),  (005),  and  (006) 
reflections  of  YBa2Cu307_j(  phase  from  both  films  indicat¬ 
ing  a  good  plane  alignment  of  (001)fi,„||  (001)„b«rate> 
while  no  Y2Ba4Cug04  phase  is  detected. 

From  these  results,  it  is  obvious  that  the  YAG  sub¬ 
strates  are  much  better  substrates  than  the  spinel  ones, 
disregarding  which  of  the  two  depiosition  methods  used. 
Both  MgAl204  and  Y3AI5O12  exist  as  line  comp>ounds  in 
the  correspranding  phase  diagrams  of  the  piseudobinary  ox¬ 
ide  systems  of  Al203-Mg0“  and  Y203-Al203,‘^  respec¬ 
tively.  However,  MgAl204  deviates  from  a  line  compound 
to  form  a  solid  solution  at  about  800  *C,  whereas  Y3AI3O12 
remains  as  a  line  compound  up  to  1970  *C  showing  a 
higher  phase  stability  than  the  spinel,  which  can  also  ex¬ 
plain  the  higher  reactivity  of  MgAl204  with  the  Y-Ba- 
Cu-O  films.  For  low  reactivity  with  films,  substrate  mate¬ 
rials  need  to  exhibit  phase  stability  at  a  tempxrature 
significantly  higher  than  both  the  depiosition  and  the  an¬ 
nealing  temperature  used  during  film  processing.  There¬ 
fore,  the  maximum  line-compiound  temperature  of  a  sub¬ 
strate  material  can  be  a  good  indicator  of  the  reactivity 
with  films  for  future  selection  of  px)$sible  substrates. 

In  summary,  we  have  successfully  grown  supercon¬ 
ducting  Y-Ba-Cu-O  films  on  (001 )  MgAl204  and  on  (001 ) 
Y3AI5O12  both  by  the  in  situ  laser  depxisition  and  by  the 
co-evapwration  with  a  follow-up  anneal.  The  best  result  is 
the  YBa2Cu307_,  films  depe>sited  by  in  situ  laser  depxisi- 
tion  on  (001)  Y3AI5O12  (YAG)  which  exhibits  (001) 
plane  alignment  between  the  films  and  the  substrates.  Pos¬ 
sible  epitaxy  relation  is  being  investigated  using  transmis¬ 
sion  electron  microscopy.  Important  data  about  substrates 
and  results  of  the  depxisited  Y-Ba-Cu-O  films  are  summa¬ 
rized  in  Table  I.  We  find  that  the  best  quality  films  can  be 


grown  on  (001 )  YAG  while  YAG  has  low  radio  frequency 
losses  and  a  low  dielectric  constant  with  no  surface  corru¬ 
gation  problem.  The  next  challenge  will  be  to  show  both 
semiconducting  devices  and  cuprate  supyerconducting  ele¬ 
ments  on  the  same  YAG  substrate. 
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